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Stellingen

/. Morfologisch onderzoek van de lumbale wervelkolom met behulp van computer-
tomografische dwarsdoorsneden kan, naast de gegevens van gangbare röntgen-
onderzoeksmethoden, bijdragen tot een beter inzicht in de biomechanica en
pathogenetica van het betreffende gebied.

2. CT is een accurate, niet invasieve, en kostcn-cffectieve methode voor het stageren
van malignitcitcn van het maagdarmkanaal.

Moss AA. Computed tomography in the slaging of gast roinlc.sli.ial carci-
noma. Radiol Clin North Am I9K2; 20(4):761-780.

3. Bij het conventionele bariumonderzock van de dunne darm (de zgn. enterocly.se)
verdient de enkelcontrastmcthode de voorkeur.

4. Röntgenonderzoek van de urethra bij de man is onvolledig wanneer niet zowe!
opnamen zijn gemaakt met antegrade, als met retrograde stroomrichting.

McCallum RW, Colapinto V. Urologica! radiology of the adult male lo-
wer urinary tract. Springfield. Ill: Charles C. Thomas, 1976.

5. Bij het aantreffen van carcinoomrnetastasen is uitgebreid onderzoek naar de "on-
bekende primaire tumor" voor de patient alleen zinvol indien hieraan eventueel
therapeutische consequenties verbonden zijn.

Steckel RJ, Kagan AR. Diagnostic persistence in working up metastatic
cancer with an unknown primary site. Radiology 19K0; 134:367-369.

6. Het is aan te bevelen de beeldvormende diagnostische technieken zoveel mogelijk
binnen één organisatorisch verband uit te oefenen.

7. De radiodiagnostiek dient zowel in de preklinische als in de klinische fase van het
medisch curriculum een belangrijke plaats in te nemen.

8. Good academie radiology breeds good radiology.
American College of Radiology. Radiology and the Resident: a guide
from the ACR. Chicago, III, 1981.

9. Het specialisme Radiodiagnostiek, vroeger ook wel aangeduid met Röntgenolo-
gie, Radiologie, of Röntgendiagnostiek, zou, gezien de nieuwe beeldvormende en
interventionele technieken, opnieuw een naamswijziging moeten ondergaan. Het
vakgebied omvat nu echter een zo rijk skala aan diagnostische en therapeutische
mogelijkheden dat het vinden van een adequate overkoepelende benaming bijna
onmogelijk is geworden.
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Stellingen 2

10. Anatomen zouden een belangrijke taak kunnen vervullen bij de gerichte bijscho-
ling van arts-assistenten in opleiding tot specialist, en bij de nascholing van prakti-
serende specialisten.

11. Onderwaardering van klinisch wetenschappelijk onderzoek door beleidsbepa-
lende instanties maakt het belang van fundamenteel onderzoek binnen de medi-
sche faculteit discutabel.

12. Vakgroepen, in de zin van de Wet Universitaire Bestuurshervormingen (WUB),
binnen universitaire klinieken en afdelingen belemmeren invloed op de beleids-
bepaling door niet-universitaire medewerkers van deze klinieken of afdelingen.
Vakgroepen dienen derhalve vervangen te worden door kliniek- of afdelingsra-
den.

13. Het scheppen van mogelijkheden tot deeltijdarbeid in intra- en extramurale ge-
neeskunde kan, bij goede organisatie, de kwaliteit van het werk en de arbeidssatis-
factie verhogen, terwijl het tevens betere mogelijkheden opent voornascholing en
wetenschappelijk onderzoek.

14. De medische statistiek vormt een belangrijk, doch vaak misbruikt, deelgebied der
geneeskunde.

15. Soms wordt wel eens vergeten dat "doctorandus" oorspronkelijk niet meer bete-
kende dan: "diegene die nog doctor moet worden".

Stellingen behorende bij het proefschrift "Cross-Sectionul CT Morphology of the
Three Lower Lumbar Vertebrae"

J.P.J. van Schaik
15 mei 1984
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Voorwoord

DI-: AKSI.LÜTINC; van dit proefschrift geeft mij, in de vorm van het voorwoord, de
gelegenheid diegenen te bedanken die bij de totstandkoming ervan in meerdere

of mindere mate hebben bijgedragen.

Zeer geachte Professor Verbiest. Ontelbare uren hebben we samen besteed om de
ideeën te ontwikkelen die hun neerslag hebben gevonden in dit proefschrift. Uw zeer
analytisch-wetenschappelijke en kreatieve benadering van de problemen die we hier-
bij zijn tegengekomen heeft grote indruk op mij gemaakt. Ik hoop dat ik van deze atti-
tude iets heb mogen assimileren. Hoewel ik, als röntgenoloog, voor U als neurochirurg
een (zoals U het zelf noemde) "randfiguur" was, hebben we waarschijnlijk juist daar-
door nieuwe wegen kunnen bewandelen, en onderzoek kunnen doen dal zich op het
grensgebied van anatomie, biomechanica, neurochirurgie/orthopedie, en radiodia-
gnostiek bevindt. We hebben een aantal verrassende resultaten kunnen boeken. Ik be-
schouw het als een eer op deze manier met U te hebben mogen samenwerken. Me-
vrouw Verbiest, U dank ik voor de gastvrijheid en de prettige wijze waarop U voor ont-
spanning zorgde wanneer de werkkracht van Uw man de mijne te boven ging.

Prof.Dr. P.F.G.M. van Waes, beste Paul. Het kwalitatief hoge niveau waarop het
eomputertomografisch onderzoek zich in ons ziekenhuis bevindt, is in het bijzonder
jouw verdienste. Je hebt me ingeleid in de vele boeiende facetten die deze methode
biedt. Ik dank je voor je enthousiaste en stimulerende steun bij het opzetten van de CT
scanning van de lumbale wervelkolom in onze afdeling, en het uitdragen van de onder-
zoeksmethode in vele voordrachten. Ook toen het proefschriftonderwerp zich toespit-
ste op aspekten van de morfologie, en zich dus meer verplaatste in de richting van fun-
damenteel wetenschappelijk onderzoek, heb je een aantal opbouwende adviezen ge-
geven. Oda dank ik voor de gastvrijheid op de avonden dat wc de manuskriptcn heb-
ben doorgenomen.

Drs. F.D.J. van Schaik, mathematisch-statistisch econoom, beste Frans. Het mag
wel een merkwaardig en gelukkig toeval heten dat wij als broers op deze manier aan
een projekt als dit hebben kunnen samenwerken. Vele ideeën aangaande de statisti-
sche bewerking en visualisatie van de resultaten in de figuren, o.a. de balkdiagrammcn,
zijn van jou afkomstig. De samenwerking was meer dan voortreffelijk.

Mijn opleiders, Prof.Dr. C.B.A.J. Puylaert en Prof.Dr. A.C. Klinkhamcr, alsmede
de collegae H. Damsma, Prof.Dr. P.F.G.M. van Wacs, P.P.G. Kramer, Prof.Dr. J.H.J.
Ruys, J.W.Th. Muller, Dr. M.A.M. Feldberg, W.P.Th.M. Mali en M.J. Hendriks, ben
ik zeer erkentelijk voor de gegeven mogelijkheden mij op het Amerikaanse Visa Qua-
lifying Examination (VOK) voor te bereiden, en het proefschrift binnen redelijke ter-
mijn af te ronden. Ik heb het als een voorrecht ervaren om op de Afdeling Radiodia-
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Voorwoord 10

gnostiek van het Academisch Ziekenhuis Utrecht te worden opgeleid tot röntgeno-
loog. Onze afdeling biedt werkelijk onbegrensde mogelijkheden, niet alleen wat be-
treft de opleiding, maar ook voor wetenschappelijk onderzoek en onderwijs. De kri-
tisch-opbouwendc diskussies op het "heilig uur" zal ik niet snel vergeten.

Mrs. A.B. Hill-Vaughan, M.B., F.KA.R.C.S., heeft op nauwgezette en snelle wijze de
manuskriptcn diverse malen doorgenomen en gecontroleerd op het Engelse taalge-
bruik en de redaktie. De kwaliteit van de tekst is hierdoor aanzienlijk verbeterd.

Prof.Dr. W.J. van Doorenmaalen, Hoogleraar Anatomie en Embryologie, dank ik
voor de prettige samenwerking gedurende een aantal jaren, niet alleen aangaande dit
onderzoek, maar met name ook in verband met het medisch onderwijs. Het integreren
van anatomie en radiodiagnostiek bij het onderwijs aan medische studenten bood ook
mij allerlei mogelijkheden tot een beter inzicht in beide vakgebieden. In mijn dank wil
ik ook Mw. J.C.J.G. Heidt-de Bruijn, secretaresse en asst. beheerder van het Anato-
misch Laboratorium, betrekken. Els Pley, medisch studente, heeft door middel van
transversale coupes van dissektiepreparaten de computert omografische anatomie van
de lumbale wervelkolom verduidelijkt.

Prof.Dr. J.H.J. Ruys heeft mij enkele jaren geleden op het spoor van de lumbale CT
scanning gezet, en de aanvankelijke begeleiding van het onderzoek op zich genomen.

Prof.Dr. B.B. van der Genugten, Hoogleraar Waarschijnlijkheidsrekening en Wis-
kundige Statistiek aan de Kathoiieks Hogeschool te Tilburg, heeft enkele problemen
aangaande de statistische bewerking van de gegevens doorgenomen, en waardevolle
adviezen verstrekt.

Collega P.F. van Akkerveeken, orthopedisch chirurg Militair Hospitaal Dr. A. Ma-
thijsen, heeft mij, tijdens de werkbesprekingen, meer inzicht gegeven in de problemen
betreffende de diagnostiek en therapie van patiënten met lage rugpijn.

De kwaliteit van het fotografisch materiaal is te danken aan het uitstekende werk
van: Jan de Groot, Marcel Metselaar en staf, Afd. Fotografie Röntgenafdeling, de heer
Th. Hulskes, fotograaf Anatomisch Laboratorium, en Marrie de Jong, subhoofd van
de Afdeling Neuroradiologie.

Ik ben erkentelijk voor de incidentele adviezen van Ir. F. W. Zonneveld en Ir. G.P.
Vijverberg, Philips Medical Systems, Ing. O.L.H. Panhuyzen, technicus Röntgenafde-
ling, en de heer J. Kemperman, preparator Anatomisch Laboratorium.

Verder dank ik allen die op diverse manieren bijdragen hebben geleverd: mijn collc-
gae-assistenten, de heer J. Meywaard, beheerder, Corrie Mens, de laboranten, met na-
me Stans van der Grift en Anneke Hamersma, de heer J.H. Op 't Land en medewer-
kers van het Archief van de Centrale Röntgenafdeling, Monique Johnson-van Loon.
Joke Metselaar-van de Bos, Wilma Weerens en Elly Wellink, secretaresses, Ingrid
Janssen, tekenares AZU, en de medewerkers van Drukkerij Elinkwijk, met name de
heren Molenaar, Kleinekoort en Lamme.



List of Abbreviations

an
AP
ci
CT
KID
FOV

HU
MSD
MID
n
NS
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r
KOI

SD
UFA
IILA

IMA

= angulation (for detailed discussion see Chapter 2)
= antero-posterior
= curvation index (Ch. 2)
= computed tomography
= external interpedicular distance (Ch. 4)
— field of view (Ch. 4)
= Hounsfield units (Ch. 4)
= midsagittal diameter (Ch. 4)
= midtransverse diameter (Ch. 4)
= number of observations
= not significant
= orientation (Ch. 2)
= probability
= correlation coefficient
= region of interest (Ch. 4)
= standard deviation
= transverse interfacet-joint angle (Ch. 5)
= transverse interlaminar angle (Ch. 5)
= transverse intertangential angle (Ch. 4)
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Chapter 1

General Introduction

Tins niKSls describes a number of investigations which concern various aspects of
the cross-sectional morphology of the lower lumbar vertebrae.

Low back pain is a very frequent disability, with enormous medical and socio-econ-
omic consequences. A vast amount of research, both clinical and basic, has been car-
ried out in recent years in order to clarify the causes of low back pain. The fundamental
research has concentrated primarily on biomechanical characteristics of the lower
lumbar spine, whilst features of vertebral morphology, in so far as they may be of use
for biomechanical research, have attracted relatively little attention. In order to fully
understand the biomechanics of spinal structures, a more detailed knowledge of their
morphology is essential. Knowledge of the interrelationships between morphology
and biomechanics may equally contribute to a better understanding of the pathogene-
tics of the lower lumbar spine.

Computed tomography (CT), which provides cross-sectional radiographic images
in vivo, offers a new opportunity for the investigation of the morphology and patho-
morphology of the lumbar spine. Originally, our intention was to determine the value
of CT of the lumbar spine in clinical practice. Recently, however, a number of excellent
articles have appeared on this subject in the radiologie literature (1-12). We then reali-
zed that this new imaging modality had other possibilities which allowed a more funda-
mental study of the lumbar spine, namely the analysis of the morphological properties
of the vertebrae in transverse sections. This subject may well prove to be of kinemato-
logical importance. In the past, morphological and biomechanical studies have been
carried out on skeletons, radiographs and, less frequently, on entire cadaver spines and
their tissues (13-62). Each of these methods has its limitations, but each may supply
data which, in combination with the data of other methods of research, may extend our
understanding. Obviously CT has equal limitations, but it allows for visualization and
study of the cross-sectional morphology of the spine, which cannot be achieved by
other methods.

Once recognized as a field for study, cross-sectional vertebral morphology offers
great possibilities for research. Many determinants of vertebral morphology are parti-
cularly well visualized in transverse sections and can thus be evaluated. In order to do
this, standardized parameters have to be developed and applied to series of vertebrae.
These standardized measurements may be roughly subdivided into two groups in ac-
cordance with the dual function of the spine:

/. The spine serves as a protection for the nervous tissue which it surrounds, i.e. spi-
nal cord, cauda equina, and outgoing nerves. The dimensions of the vertebral canal, re-
cesses, and foramina are of importance, as are the correlations between the values

13



14 Chapter I

found and those of other vertebral structures which bear some relation to the vertebral
canal. These topics have been excluded from our investigations.

2. The other function of the spine is biomechanical, and is concerned with posture
and motion. The morphological studies described in the present thesis are related to this
function. Measurements of the vertebra! column as a whole, or of particular sections,
could be interesting, but they have noi been included. We considered it more relevant
to begin with an analysis of the basic elements concerned in spinal posture and motion,
namely the motion segments.

A motion segment is formed by two adjacent vertebrae and their connection by arti-
culation and intervening soft tissues. The object of our investigations was to analyse the
morphology of the bony portion of the motion segment in so far as it may be of interest
with respect to spinal kinematics. According to the definition of White and Panjabi
(60), kinematics is that division of mechanics (dynamics) concerned with the geometry
of the motion of rigid bodies with no consideration of the forces involved. Until now,
no quantitative analysis of the cross-sectional morphological properties of the bony
part of the motion segment has been made. Such an analysis is likely to prove of value in
studying the biomechanics of the spine.

The human spine has 24 motion segments, since the sacrum consists entirely of fu-
sed vertebrae, and the coccyx has no motion segments in the proper sense. The motion
segment C1-C2 differs essentially from all the others. An evaluation of all these motion
segments would be an enormous work in view of their gre.i* number and regional diffe-
rences, and inappropriate in composition for a thesis. Thus we were left with a choice.
Low back pain and involvement of the nerve roots in this area is nowadays a very fre-
quent affliction in the industrialized countries. In 1959 Hanraets (63), in his thesis, ex-
pressed the opinion that the greater prevalence of low back complaints in the present
century might be more apparent than real because records of the presence or absence
of back ailments in previous periods do not exist. More recently, the increase of low
back complaints has been substantiated by epidemiological reports. In Great Britain,
Wood (64,65) reported a 22% increase in attacks of back trouble and a 30% increase
in their duration between 1961 and 1967. An increase in the volume of workmen's
compensation claims for low back pain which exceeded the increase in the number of
workers in the State of Washington during the years 1972-1977 was reported by Loe-
ser (66). It became clear that many factors have contributed to this increase of low back
complaints, such as the development of social security, improvement in diagnostic
aids, and a greater frequency of hospital admissions. These factors may, among others,
persuade the patient to report back pain more readily, which may give a false impressi-
on of an increase in organic disease of the lower spine. On the other hand, there are
good reasons for accepting the fact that present changes in occupational influences and
work load may also lead to an increase in structural changes of the lower spine. This lat-
ter category has become a subject for research by bio-engineers. Their research must
not be limited to the investigation of the behaviour of bone, ligaments and interverte-
bral discs when subjected to various forces, but must also take into consideration their
shape and proportions in the formation of the spine.

Until now, the morphological analysis has been mainly limited to the posterior joints
(27,47), but precise information on this subject could not be obtained from ordinary
radiographs, while cadaver studies have been limited and have not yet resulted in
quantitative findings in a sufficiently large amount of material. As will be demonstra-
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ted, transverse CT sections of the spine provide an important new source of informa-
tion and are particularly suited to quantitative analysis. It was obvious that the orienta-
tion and shape of the facet joints were important determinants of movement in the mo-
tion segments. Therefore their study has to be included in this thesis. Quantification of
other structures and investigation of data correlation were based on hypotheses, such
as the possible role of these structures in the distribution of forces like normal stress
(perpendicular to the plane of a cross-section of the structure under consideration),
shear stress, and torque. We did not include these biomechanical correlates in our stu-
dy, since we are not specialized in this field, but it was thought that a statistical analysis
of possible relationships between morphometric data might provide a base for biome-
chanica] studies or a link between them.

For the placement of morphometric reference markers we have tried tc use structu-
res which are not only constantly present but also sufficiently well defined as to avoid
gross or significant errors in measurement. The reference points were adapted to CT
scans. The choice of reliable reference points had also to be determined by our hypo-
theses concerning the type of structure whose measurement might prove important for
our purpose. Since these morphometric studies extended into unknown territory, they
could not be all-inclusive. Hence they are open-ended. The various chapters have an
exploratory character and are intended for separate publication in pertinent journals.

We did not expect our morphometric analyses to result in findings of immediate cli-
nical importance, although serendipity can never be excluded (Chapters 3 and 7). Our
main purpose was to provide data which might be of use in biomechanical research.

Although the studies were performed on particular patients for clinical reasons (e.g.
low back psun and/or sciatica), the aims and methods of research in this series were
fundamental in nature. Limitation of the investigations to patients was a necessity. For
reasons both ethical (unnecessary irradiation dose) and economic (cost and available
CT scan time), a systematic comparative examination of a control group of "normal"
individuals was not feasible.

During the initial study of the cross-sectional computed tomographic (CT) images
of the lower lumbar vertebrae a number of hypotheses regarding the morphological
properties of several bony structures were formulated, with particular reference to
compared differences in morphology at the various vertebral levels. These hypotheses
were mainly based on visual impressions but partly, also, on relevant articles previously
published by other authors (15,17,18,23, 24,27,39,40,47,60). In order to evaluate
the validity of these hypotheses, reproducible parameters of vertebral morphology we-
re developed and applied to a series of vertebrae L3, L4, and L5 (or motion segments
L3-L4, L4-L5, and L5-S1). In the period December 1980 - November 1983, a total
number of about 900 patient examinations was screened for inclusion in our investiga-
tions. The selection criteria were very stringent. The criteria applied for the investiga-
tion reported in Chapter 2 are described in that chapter, and the criteria for the investi-
gations of Chapters 4 — 7 are detailed in Chapter 4. As a result of these time consuming
selection procedures, a total number of 100 patients could be chosen for Chapter 2,
and a total number of 213 vertebral levels for Chapters 4 — 7. The acquired data were
statistically analysed. The subject matter considered in the following chapters is briefly
reviewed below.



16 Chapter I

Chapter 2 deals with the orientation and curvation of the facet joints L4-L5 and L5-
Sl in the transverse plane and the possible causal relationship between facet joint
asymmetry and the side on which unilateral disc protrusion occurs.

In Chapter 3, features of the cross-sectional configuration of the lower lumbar ver-
tebrae are compared with their visualization in AP radiographs. The explanation of
certain findings impinges upon aspects of the neuiophysiology of "Gcstalt" perception
(or "pattern recognition") and its importance in radiological diagnosis.

In Chapter 4, the features discussed in the previous chapter are evaluated by means
of biostatistical methods. In addition, reference data for the midsagittal and midtrans-
verse diameters of the vertebral bodies L3, L4, and L5 are given.

Chapter 5 presents a study of the morphological relationship between the orienta-
tion of the facet joints and the orientation of the caudad parts of the laminae. The cau-
dad parts of the laminae can be considered as buttresses for the inferior articular pro-
cesses of the same vertebra. Our hypothesis was that these buttresses show variations in
orientation associated with variations in the orientation of the facet joints.

Several characteristics of the spinous processes are discussed in Chapters 6 and 7.
In Chapter 6, the lengths of the spinous processes at the levels L3, L4, and L5 have

been measured and their relationships to the orientation of the facet joints, and the
caudad parts of the laminae examined.

Chapter 7 deals with spinous process deviation. A possible relationship between
spinous process deviation and asymmetries in facet joint orientation and in the orienta-
tion and length of the caudad parts of the laminae has been investigated. Moreover, the
exact nature of the oblong shadow cast by the spinous process in AP radiographs is
analysed. The value of the results of this analysis in differentiating various kinds of spi-
nous process deviation is discussed.
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Chapter 2

The Orientation and Shape of the Lower
Lumbar Facet Joints1

a computed tomographic study of their variation in 100 patients and a
discussion of their possible clinical implications

Jan PJ. van Schaik, M.I)., Henk Verbiest, M.D., Ph.D., and Frans DJ. van Schaik,
M.A.

INTRODUCTION

'TPHE FACET JOINTS are parts of the spinal motion segments. The term spinal motion
h. segment is the Anglo-American translation of the German and Latin ex-

pressions: Bewegungssegment, or segmentwn mobilitatis, introduced by Junghanns to
indicate the unit of mobility of the spine (1). In his definition, the Bewegungssegment is
formed by all connections between two bony vertebrae: disc, ligaments, joint capsules,
and spinal muscles. Therefore, in Junghanns' view, the Bewegungssegment consists of
both a purely mechanical portion whose functions are determined only by the physical
properties of its constituents, and a physiological or dynamic portion: the muscles. Re-
garding the latter, Junghanns' definition is vague. It is, indeed, no easy matter to identi-
fy the muscles of the Bewegungssegment, because there are spinal muscles bridging
more than one Bewegungssegment, muscles which have their origin on the processes
of the spine and their insertion on other bones of the skeleton, and muscles having their
origin and insertion on other than the vertebral bones, but producing spinal move-
ments indirectly. Only the intertransversarii and interspinales muscles are limited to
one motion segment, but their part is of minor importance in the functional integration
of muscular activity in spinal movement.

For the reasons mentioned above, it seems preferable to limit the definition of the
motion segment to the mechanical part of Junghanns' Bewegungssegment. The mo-
tion segment usually is not considered a joint itself, though it represents the union be-
tween two bones. It is stated, instead, that it contains three joints, the amphiarthrosis
between the vertebral bodies, and two posterior diarthrodial or facet joints. Yet these
joints are connected between each other by the quasirigid bony structures, so that the

1 This study was published as Chapter 30 in: Post MJD, ed. Computed tomography of the spine. Baltimo-
re: Williams & Wilkins, 1984: 495-505.
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motion in each of the three joints is track-bound (2). This implies that the instantane-
ous axis of rotation of the posterior joints is extra-articular, localized, with healthy mo-
tion segments, in the vicinity of, or inside the intervertebral disc.

White and Panjabi (3) call the motion segment the functional spinal unit which is the
smallest segment of the spine that exhibits biomechanical characteristics similar to tho-
se of the entire spine. It is generally accepted that the motion segments have six degrees
of freedom of motion. The term degree of freedom of motion was introduced by
Steindler for describing joint function. Therefore, the use of this term for the move-
ments in the motion segment implies a sort of recognition of its joint like function as a
whole. The six degrees of freedom of motion of the motion segments are three rota-
tions around and three translations along the three axe- of the coordinate system. Ha-
ving six degrees of freedom of motion means having the maximal possibility of joint
movement. Therefore, the motion segment can be defined as a so-called universal joi-
nt. The movements in the motion segment are described relative to the subjacent verte-
bra.

It is in studies limited to the kinematics of the single motion segments in health and
disease that attention is focussed on the function of its three track-bound joints. The
ranges of motion in the motion segments greatly depend on the differences in orienta-
tion and shape of the facet joints in the various areas of the spinal column.

The only purely rotatory movement in the motion segment is flexion/extension.
Each of the other rotatory movements is combined with motion about a second axis.
These combined motions are indicated by the word "coupling". Of all ranges of mo-
tion, the rotary are the most precisely known. They are expressed in degrees. As this
study is limited to the facet joints L4-L5 and L5-S1, the data about the ranges of rota-
tion at these levels, published by White and Panjabi (3) and Farfan (4) are:

Flexion/ Lateral bend Rotation (around
extension (side to side) longitudinal axis)

L4-L5 IT(3) 22°(4) 6°(3) 2 O)
L5-S1 2(>°(3) 1H°(4) 3"(3) 5°(3)

This simplified introduction to the biomechanics of the motion segments forms the
background of our CT studies of the lower lumbar facet joints. They are aimed at an
evaluation of the possible contribution of this diagnostic aid to the understanding of
normal and pathological biomechanics of the lower lumbar spine. This initial publica-
tion deals with the following two topics:

The Orientation and Shape of the Lower Lumbar Facet Joints in the Axial Plane

Studies published so far on the orientation of the facet joints were based on findings
on plain PA and oblioue radiographs of the spine, in cadaver studies or during opera-
tion (Fig. 2.1). CT provides a superior means of visualizing the orientation and shape
of the facet joints (5), and may provide references for mechanical studies on rotation of
the lower lumbar motion segments around the longitudinal (Y-) axis. To this purpose,
standard methods of measuring orientation and shape of the facet joints are described.

Asymmetry of the Facet Joints

This phenomenon occurs* "ther frequently, in 25% of Farfan's series of the three lo-
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Figure 2.1. Information on orientation and shape of facet joints that can be obtained by means of plain ra-
diographs. A. Anteroposlerior view shows right-sided articulation between the tip of the transverse pro-
cess of L5 and adjacent sacrum and iliac bone. Spondylolysis is suggested in C. The AP view shows no evi-
dence of asymmetric angulation of the facet joints of L4-L5 (arrows), as is demonstrated on the CT scan of
the same patient (Fig. 2.5A). The oblique views B and C show the difficulty usually encountered in obtai-
ning perfectly symmetric oblique views. There is asymmetry between the slope of the right (B) and left (C)
facet joints of L4-L5 (arrows). The joint space is cut tangentially in C, but not in B, which may depend part-
ly upon the difference in the incidence of the centra! ray. Yet it is obvious that the oblique views, apart from
problems in symmetric positioning of the patient, do not allow an estimation of the angulation of the facet
joints in the axial plane, and therefore, exclude any possibility of quantification.

wci lumbar interspaces, and in 32% of Brailsford's cases (6,7). Farfan stated that pe-
ople with backache show a significantly higher incidence of facet asymmetry. In his ex-
perience, there was also a high degree of correlation between t!ie side of sciatica and
disc protrusion with the side with the most oblique facet. The validity of this statement
has been checked in our series.

The data obtained so far in 100 patients suffering from low back problems were fed
into a computer and the results are presented in the form of statistical judgments.

SELECTION OF PATIENTS

This study is not representative from an epidemiological point of view as it is not a
sampling of ordinary human variation. For obvious reasons, CT scanning has not been
performed in asymptomatic individuals. It is, instead, a collection of 100 patients suf-
fering from backache and/or sciatica. This collection does not include:

/. Patients who previously had been treated by means of a posterior approach to
the lumbar spine because of the possibility of surgically induced changes of the facet jo-
ints.
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2. Asymmetric CT scans because of malposition of the patient, or abnormal curva-
ture of his spine.

3. Patients presenting with asymmetric neural arches because of unequal length of
the pedicles, although they may be subject to later studies.

4. Patients presenting with pronounced arthritic deformities of the facet joints.

EQUIPMENT

Two high-resolution general purpose CT scanners were used, the Philips Tomoscan
300 and 310. Field-of-view(FOV)was 160 (=160 x 160 mm2), in some of the patients
enlarged by zoom reconstruction to 120. Slice thickness was 3 mm, and table incre-
mentation 4.5 mm, so the intervals between the sections were 1.5 mm. The scan plane
was chosen perpendicular to the longitudinal (Y-) axis of the spinal canal by means of
the scanogram (lateral localizer view). The resulting sections are shown in Figure 2.2.

Figure 2.2. Scanogram shows the angulation of the planes of CT sections at the L4-L5 and L5-S1 levels.

METHODS OF MEASUREMENT

The symmetry of the axial sections was ascertained in the sections through the trans-
verse processes and pedicles of the vertebrae above and below the transarticular sec-
tion. The transarticular sections through the middle portions of the facet joints were
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chosen for measurement because they visualized most clearly the orientation and sha-
pe of the* e joints. Anteriorly, the transarticular sections passed through the disc space
or through the area of the upper end plate of the vertebral body below(Fig. 2.3A). For
more accurate measurement, the CT images were magnified and print :d in the rever-
sed mode (Fig. 2.3B). All CT images were printed at a window level of 200 HU and a
window width of 1000 HU. A comparative study of orientation and shape of the facet
joints requires the use of uniform reference lines.

EHL 2X
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Figure 2.3. A. CT section through the middle portion of the facet joints L4-L5. The section passes
through the intervertehral disc anteriorly. B. Same section, magnified and printed in the reversed mode.
The angulalion (orientation) u of the superior facet of L5 in the axial plane is determined by the angle be-
tween the lines/./, and c.i.l. (see text). C. Same section. Lines at. ami f.l. are used for determination of cur-
vation index (see text).

Definitions

/. The orientation of the facet joints in the axial plane has been defined by the angle
between the following two lines: line f.l. (facet line) connects the anteromedial and
posterolateral margin of the superior articular facet. This means that the orientation of
the superior facet is measured, rather than that of the facet joint a:> a whole. Line c.i.l.
(central interfacet line) is drawn between the central points of the right and left f.l. li-
nes. The orientation is, in this paper, expressed in degrees of angulation between the li-
nes f.l. and c.i.l. on the right and left sides, respectively (Fig. 2.3B).
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Figure 2.4. A and B. Symmetrie angulation of the facet joinu- of L4-LS. The orientation of the facet joints
in A is close to the sagittal plane, and in B close to the frontal plane.

Figure 2.5. Asymmetry of the faccl joints of L4-L5. A. Right facet joint oriented close to the frontal plane,
left facet intermediate between frontal and sagittal plane (same patient as in Fig. 2.1). B. Right facet orien-
ted close to the sagittal plane, left facet intermediate orientation.

The question of whether line c.i.l. parallels the frontal plane through the vertebrae
cannot be answered exactly. The great variation in shape and the frequent occurrence
of minor or more significant asymmetries of the vertebral bodies impede the placement
of constant reference points needed for the exact determination of the frontal plane
through these bodies. For this reason, such frontal planes were not used for measuring
the degree of orientation of the superior facets, since the line c.i.l. allows more accurate
comparative measurement. Yet we got, with the exclusion of CT scans mentioned in
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Fipure 2.6. Symmetric .shape of facet joints I.4-L5 in A and B. Curvation almost absent in A, and marked
in B.
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Figure 2.7. Asymmetrie curvation of ihe superior facets of SI. Note the small osleophyte al the antero-
mcdial edge of the right superior facet.

the section on patient selection, the visual impression that line c.i.l. paralleled more or
less the posterior border of the corresponding vertebral bodies.

2. For measuring the shape of the facets in the axial plane it was not practical to
quantify the entire curvature. Instead we used as a first step a curvation index, which gi-
ves some expression of the shape. For determining the curvation index, a line was
drawn from the point of maximal curvation of the facet perpendicular to line f.l. This li-
ne is called c.d. (curvation depth) (Fig. 2.3C).

c.d.
The curvation index is -TT~ X 100
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TABLE 2.1: Angulation and Curvation Index of the Lower Lumbar Facet Joints"

Angulation Curvation index

(mean ± SD)h (mean ± SD)'

Left sup. art. facet L5 39.1° ±9.8° 15.4 + 6.4

Right sup. art. facet L5 42.9° ± 9.5° 16.8 + 6.2

Difference between left and right sup. art. facet L5 —3.8° + 8.3° (p =S 0.001) —1.4 ± 6.2 (p ̂  0.01)

Left sup. art. facet SI 34.3° + 9.2° 11.9 ± 6.4

Right sup. art. facet SI 36.4° ± 8.9° 12.1 + 5.9

Difference between left and right sup. art. facet SI —2.1° + 7.8° (p< 0.001) -0.1 + 5.9 (NS)

Difference between left sup. art. facets L5 and SI 4.8° + 10.3° (p^ 0.001) 3.5 ± 8.1 (p*S 0.001)

Difference between right sup. art. facets L5 and SI 6.5° + 9.9° (p^ 0.001) 4.8 ± 8.5 (p< 0.001)

a) Abbrevations used: SD= standard deviation; p= significance of the differences (paired Student's (-test); NS= not
significant.

b) Negative values in the middle column (angulation) indicate that the right facet is more sagittally oriented than the left.
c) Negative values in the right column (curvation index) indicate that the right facet is more curved than the left.

TABLE 2.2: Some of the Correlation Coefficients between the Various Parameters11

Parameters

Superior facets L5:
left an — right an
left an - left ci
right an - right ci
left ci - right ci

Superior facets SI:
ieft an - right an
left an - left ci
right an - right ci
left ci - right ci

Correlations between L5 and SI
left an L5 - left an SI
right an L5 - right an SI
left ci L5 - left ci SI
right ci L5 - right ci SI

Correlation
r

0.60
0.57
0.46
0.50

0.58
0.37
0.43
0.49

0.39
0.40
0.26
0.05

Significance
P«=

0.001
0.001
0.001
0.001

0.001
0.001
0.001
0.001

0.001
0.001
0.005
0.304 (NS)

a) Abbrevations used: /•«• correlation coefficient according to Spearman; p= significance; an «• angulation; ri= curva-
tion index; NS — not significant.
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It should be noted that the point of maximal curvation does not always coincide with
the center of the facet surface.

An iconography of examples of variation in angulation and curvation, as well as of
symmetry and asymmetry of the facet joints as visualized by means of CT is presented
in Figures 2.4-2.7.

Measurements of angulation (orientation) and curvation index (shape) were made
ac the leve1<: L4-L5 and L5-S1 in all patients. The resulting data were analyzed statisti-
cally. Correlations between the measured parameters were calculated with the Spear-
man rank-order correlation test; the linear regressions were calculated by the least-
squares method. Statistical significance in differences of measurements was calculated
by the Student's /-test.

The term orientation of the facets was replaced by angulation, expressed in degrees
of the angles between the lines f.l. and c.i.l. as described above.

RESULTS

The values of angulation and curvation index of the superior articular facets L5 and
SI are shown in TABLE 2.1. The correlation coefficients between the various parame-
ters are shown in TABLE 2.2.

Superior Articular Facets L5

Angulation
The angulation of the superior articular facet L5 (mean + SD) is 39.1° ± 9.8° on the

left side and 42.9° ± 9.5° on the right side. The frequency distributions are shown in Fi-
gure 2.8. The range of observed values are 19-71° on the left ard 15-72° on the right.

A striking feature is the significant difference in the mean values of angulation be-
tween left and right side of—3.8° ±8.3° (p< 0.001), the minus sign before the mean va-
lue signifying a greater occurrence of a sagittal orientation with the right facet L5 than
with the left facet L5. The number of patients with a more sagittally oriented right or
left facet were 68 and 28, respectively. The frequency distribution of the differences is
shown in Figure 2.9. Maximal values are —28° and +25°, which means a marked asym-
metry of the facet joints in these cases. Again, the minus sign indicates a more sagittal
orientation of the right facet. Examples of marked asymmetry are shown in Figure 2.5.

Another interesting point is the correlation of angulations between left and right su-
perior facets in each of the patients. These values are plotted in Figure 2.10, showing a
significant positive correlation ( r= 0.60, /?< 0.001). The extreme values in the diagram
relate to the patients with a marked asymmetry.

Curvation index
The mean curvation indices of the superior facets L5 are 15.4 ± 6.4 on the left and

16.8 + 6.2 on the right. The ranges of observed values of the curvation indices are 5-35
and 1-33, respectively. The frequency distributions are shown in Figure 2.11. The me-
an difference between left and right side is —1.4 ± 6.2 (/K0.01), the minus sign before
the mean value signifying that the right facet is generally more curved than the left. The
range of observed differences is—17 through+16. the correlation coefficient between
left and right curvation indices is 0.50, being highly significant (/>< 0.001).
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Figure 2.8. Frequency distribution of degrees of angulation of the left and right superior articular facet
L5. Compare to Figure 2.13.
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Figure 2.9. Frequency distribution of the differences between left and right superior articular facet angu-
lation L5. Patients with a more sagittally oriented left facet L5 are presented on the left side of the histo-
gram, patients with a more sagittally oriented right facet L5 on the right. In the text, the latter group is indi-
cated with a minus sign. Compare to Figure 2.14.
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Figure 2.10. Correlation between the degrees of angulation of the left and right superior articular facets
L5. Compare to Figure 2.15.
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Figure 2.11. Frequency distribution of the curvation indices of left and right superior articular facet L5.
Compare to Figure 2.16.
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Figure 2.12. Correlation between the degrees of angulation and the curvation index of the left superior
articular facet L5.
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Figure 2.13. Frequency distribution of degrees of angulation of the left and right superior articular facet
SI. Compare to Figure 2.8.
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Correlations between angulation and curvation index
An interesting positive correlation was found between the angulation and the curva-

tion index. The correlation coefficient is 0.57 on the left side (see plot diagram in Fig.
2. i 2), and 0.46 on the right side (no plot diagram given because this provides no im-
portant additional information). Both correlations are significant (/?< 0.001). The
practical conclusion is that, in general, it can be stated that the greater the facet angle is,
the more curved its joint surface. The higher mean curvation index of the right facets
corresponds with their greater mean angulation.

Superior Articular Facets SI

Angulation
The angulation of the superior articular facets SI (mean± S£tyis34.3° ± 9.2° on the

left side and 36.4° ± 8.9° on the right side. The frequency distributions are shown in Fi-
gure 2.13. The ranges of observed values are 10-60° on the left and 15-57° on the right.

Although less pronounced than at the level L5 there is also a significant difference in
the mean values of angulation between left and right side, namely —2.1° ± 7.8° (p<
0.001). As in angulation of superior articular facets L5, these values show that a sagit-
tal orientation occurred more frequently with the right facet than with the left facet.
The numbers of patients with a more sagittally oriented left or right facet were 37 and
54, respectively.The frequency distribution of the differences is shown in Figure 2.14.
Maximal values are —23° and -I- 20° (the significance of the minus sign is already dis-
cussed). The correlation of angulations between left and right superior facets in each of
the patients is presented in Figure 2.15, showing a significant positive correlation ( r=
0.58,^^0.001).

Curvation index
The mean curvation indices of the superior facets SI are 11.9 + 6.4 on the left and

12.1 ± 5.9 on the right. The ranges of observed values of the curvation indices are 0-29
and 0-25, respectively. The frequency distributions are shown in Figure 2.16.

No significant mean difference is found between left and right side. The range of ob-
served differences is —15 through +15.

The correlation coefficient between left and right curvation indices is 0.49, which is
significant (/?< 0.001) (no plot diagram given).

Correlations between angulation and curvation index
The correlation coefficients between facet angulation and curvation index are 0.37

on the left and 0.43 on the right, both being significant (p< 0.001). Although at L5-S1
there is also a positive correlation between angulation and curvation index, there is the
remarkable finding that the small but significant difference in angulation between left
and right side is not associated with a significant difference in curvation index between
left and right side at this level. This fact nee is further investigation.

Correlations between Superior Articular Facets L5 and SI

On both the left and right side the SI facet is in the mean more frontally oriented
than the L5 facet, the differences being 4.8° ± 10.3° and 6.5° + 9.9°, left and right, re-
spectively. Also, the mean curvation index at the SI level is less on both sides than at
the L5 level, the differences being 3.5 ± 8.1 and 4.8 ± 8.5, left and right. The practical
conclusion is that the S1 facets are generally more frontally oriented, and have a less
curved joint surface than the L5 facets.
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Correlation between Facet Asymmetry and Side of Unilateral Disc Protrusion

Of the 100 patients, 46 had a total number of 51 unilateral disc protrusions. Farfan
stressed the high degree of asymmetry of the facet joints in cases of sciatica and/or disc
protrusion (4, p. 161), namely, in 74% of 97 patients. In our 100 patients examined at
the levels L4-L5 and L5-S1,53 % of the 200 levels showed no asymmetry, or asymme-
try was less than 6° (see TABLE 2.3).

Farfan also stressed the high degree of correlation between the side of unilateral disc
protrusion with the side of the more oblique facet. This statement was based on the fin-
dings in 51 cases of unilateral disc protrusion. This relatively small number of cases is
exactly the same as in our series.

TABLE 2.4 shows no significant differences in localization of the disc protrusion
with respect to a more sagittally or frontally oriented facet joint with symmetry, or
asymmetry of these facet joints of less than 11°. This holds for 37 (72%) of the 51 pro-
trusions. With higher degrees of asymmetry there was a greater incidence of localiza-
tion of a unilateral disc protrusion L4-L5 on the side of the facet which was more fron-
tally oriented (6 of 8 cases) than on the side of the more sagittally oriented facet (2 of 8
cases). Unilateral disc protrusion L5-S1 did not show any relation with respect to the
orientation of the facet.

Our findings differ from Farfan's as to the frequency of high degrees of asymmetry
of the facet joints and give some support to his view regarding correlation between lo-
calization of the unilateral disc protrusion and the side of the more oblique facet (in our
terminology, the more frontally oriented facet) in a small number of unilateral protru-
sions L4-L5 in the presence of asymmetry of more than 10°.
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In addition, we wart to stress that the distribution of degrees of asymmetry in our 51
unilateral disc protrusions and in the 149 disc levels without a unilateral protrusion
presented in TABLE 2.3 does not show impressive differences. Asymmetry greater
than 10° is found in 28% of unilateral disc protrusions and in 19% of the levels without
unilateral protrusions. Gross asymmetry, therefore, is not frequent in both groups. The
values mentioned above show, however, that in the group of unilateral disc protrusions
the occurrence of asymmetry more than 10° is relatively higher than in the group with-
out unilateral disc protrusions.

TABLE 2.3: Frequency Distribution of Degrees of Asymmetry of the Facet Joints in
Presence and Absence of Unilateral Disc Profusion

Difference in degrees of
angu.lation

None (symmetric)
1-5°
6-10°

11-15°
16-20°
21-25°
26-30°

Totals

Unilateral disc prolu-
sion at L4-L5 and L5-
Sl (51 levels)"

« = 4 (8%)
n = 24(47%)
« = 9 (18%)
« = 8 (16%)
n = 3 (6%)
n = 2 (4%)
« = 1 (2%)

« = 51 (101%)b

Absence of unilateral
disc protrusion at L4-
L5and L5-S1
(149 levels)*

H = 9 (6%)
« = 69 (46%)
« = 43 (29%)
« = 1 8 (12%)
« = 8 (5%)
« = 1 (1%)
n = 1 (1%)

« = 149(100%)

a) n = number of disc levels.
h) The percentages do not always total 100% due to rounding error.

TABLE 2.4: Unilateral Disc Protrusion and Symmetric or Asymmetric Facet Angula-
tion

Asymmetric
angulation

1-5°
6-10°

11-15°
16-20°
21-25°
26-30°

Totals

Disc protrusion on
side of facet closer
to sagittal planeab

« = 12(6;6)
» - 4 (2;2)
» - 3 (1;2)
n = 1 (l;0)
« = 1 (0;l)
71 = 0

/i=21(10;ll)
Symmetric angulation

Total number of protrusions

Disc protrusion on
side of facet closer
to frontal plane"-1"

« = 12 (5;7)
n - 5 (3;2)
« = 5 (3;2)
n-2 (l;l)
« = 1 (1,0)
n=\ (l;0)

« = 26 (14; 12) n = 47 (24;23)
n - 4 (3;1)

n = 51(27;24)

a) n = number of protrusions.
b) In parentheses: first number applies to the level L4-L5, second number to the level L5-SI.
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DISCUSSION AND CONCLUSIONS

According to Farfan (4) the mean value of the facet angle for the L4-L5 joint is 43°,
ana for the L5-S1 joint approximately 52°. The mean values found in our series are
slightly lower for the left facet L4-L5, and about the same as in Farfan's series for the
right facet (39.1° ± 9.8° and 42.9° ± 9.5° for left and right side, respectively). The refe-
rence system used by Farfan for measuring angulation is, however, different from ours.
The statistically significant difference between left and right side of—3.8° + 8.3°, the
right facet generally being more sagittally oriented, is striking. We have not found any
explanation of this fact. Statistical correlation and causal relationships are different
matters. Concerning the curvation of the joint surfaces, a significant difference in cur-
vation index has been found between left and right side at the L4-L5 level (15.4 ± 6.4
and 16.8 ± 6.2, respectively, with a difference of—1.4 ± 6.2, the right facet generally
being more curved). Furthermore, we found a significant positive correlation between
angulation and curvation of the joints; the more sagittally oriented, the more curved
their surfaces. The generally more curved surface of the right facet corresponds to its
more sagittal orientation.

At the level L5-S1 the mean values of the angulation on left and right side were 34.3°
± 9.2° and 36.4° + 8.9°, respectively. There was a significant difference between the va-
lues for left and right side of —2.1° ± 7.8°. The curvation indices were 11.9 + 6.4 and
12.1 ± 5.9, without significant difference.

Comparing the L5-S1 facets with the L4-L5 facets the more frontal orientation of
the L5-S1 facets is clear, as is the lesser curvation of the joint surfaces at this level. The
less curved joint surfaces of the L5-S1 level as compared to the L4-L5 level corre-
sponds with the more frontal orientation of the L5-S1 joints.

The greater range of axial rotation at the L5-S1 level as compared to the L4-L5 le-
vel, found by the authors quoted in the introduction, may be explained by the more
frontal orientation and the lower curvation index of the facets at this level.

The clinical significance of our findings of asymmetry of the facet joints is not clear
yet. In the majority of our cases no gross asymmetry was found; no asymmetry in 6,5%,
asymmetry less than 6° in 53%, asymmetry less than 11° in 79% of the disc levels.

As stated before, these findings were acquired from patients with low back pro-
blems, and are not representative of normal human variance. Therefore, it is not possi-
ble to evaluate exactly the importance of minor degrees of asymmetry, though it seems
probable that minor asymmetries are natural phenomena.

Regarding the relation between the development of disc protrusions and asymme-
try of the facet joints this study was limited to unilateral protrusions. No relation was
found between type of asymmetry and side of disc protrusion at the level L5-S1. At the
level L4-L5 there was no correlation between the side of unilateral disc protrusions
and the type of asymmetry of the facets with asymmetries less than 11°. With greater
degrees of asymmetry the localization of the unilateral disc protrusions was slightly
more frequent on the side of the more frontally oriented facet. These findings show
that great asymmetry of the facets may be of influence on the development of disc pro-
trusion but that asymmetry is not the principal determinant.

This report is a first step in the evaluation of the properties of the various structures
if the neural arch as visualized by CT, and their possible pathological, morphological,
ard functional consequences.
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SUMMARY

Facet joint orientation and curvation in the lower lumbar spine in the axial plane we-
re studied by CT in a hundred patients with low back pain and/or sciatica. The orienta-
tion of the facet 'oints was defined in terms of degrees of angulation between two refe-
rence lines. These reference lines were drawn between points which are constant in all
vertebrae, thus allowing comparative measurements. At the L4-L5 level, the degree of
angulation was found to be 39.1° ± 9.8° and 42.9° ± 9.5° {mean ± SD) for left and right
side, respectively. There was a statistically significant difference of—3.8° ± 8.3° (/?<
0.001), the right being more frequently sagittally oriented than the left.

A parameter for curvation (shape) is proposed, and is called the curvation index.
This curvation index was determined by two lines which equally allowed comparative
Measurements. The degree of curvation had a positive correlation with facet joint an-
gulation: a more sagittal orientation of the joint was in general associated with a greater
curvation of its surface.

At the level L5-S1, the angulation was found to be 34.3° ± 9.2° and 36.4° ± 8.9° for
left and right side, respectively, with a statistically significant difference of —2.1° ±
7.8°. Here, also, a positive correlation existed between angulation and curvation. The
joint surfaces L5-S1 are generally flatter than at the L4-L5 level, corresponding to
their more frontal oriëntatie,). No relation was found between asymmetry of facet jo-
ints and side of localization of unilateral disc protrusions, with the exception of gross
asymmetry at the L4-L5 level.

Acknowledgments: The authors want to thank lngrid Janssen, Utreeht University Hospital, for preparing
the graphs, and Mr. F.J. van Waert, medical photographer of the Pediatrie University Hospita!, for the
photographic work.

References

1. Junghanns H. Diegesundc und die kranke Wirbelsaule in Rontgcnbild und Klinik. 5th ed. Stuttgart: G.
Thieme Verlag, 1968.

2. Steindlcr A. Kincsiology of the human body. 4th printing. Springfield: Charles C. Thomas, 1973.
3. White III AA, Panjabi MM. Clinical biomechanics of the spine. Philadelphia: J.B. Lippincott Compa-

ny, 1978.
4. Farfan HF. Mechanical disorders of the low back. Philadelphia: Lea & Febiger, 1973.
5. Carrera GF, Haughton VM, Syvcrtsen A, Williams AL. Computed tomography of the lumbar facet joi-

nts. Radiology 1980; 134:145-148.
6. Farfan HF, Sullivan JD. The relation of facet orientation to intervertcbral disc failure. Can J Surg 1967;

10:179-185.
7. Brailsford JF (cited by Farfan). Deformities of the lumbosacral region of the spine. Br J Surg 1929;

16:562.



Chapter 3

The Appearance of the Lower Lumbar Ver-
tebral Bodies and Pedicles in AP Radio-
graphs: a Comparison with the CT Image

The configuration of (be lower lumbar vertebral bodies as visualized by means of compu-
ted tomography (CT) contributes to a better interpretation of their appearance in plain AP
radiographs. Usually, the lateral margins of the L5 vertebral body and pedicles are not
seen in AP radiographs because their course runs obliquely to the X ray beam. At L4 and
at higher levels the lateral margins of the bodies and the contours of the pedicles are usual-
ly visible. The pedicles of L3 are implanted slightly more medially than are those of L4, in
relation to the lateral borders of the vertebral bodies. The fact that the difference between
the appearance of L5 and that of higher levels has escaped notice in the literature is inter-
preted in terms of the neurophysiology of "Gestalt" perception ("pattern recognition").

CONSIDERABLE DIFFERENCES can be noted between the cross-sectional morpho-
logy of the L5 vertebra, as compared to L4, when CT scans of the lower

lumbar spine are studied. In most cases it is also possible to differentiate L4 from L3 (in
the same patient), by analysing the bony configuration of the vertebral bodies and pe-
dicles in sections through both structures. These observations led us to identify corre-
sponding differences in the images of these three vertebrae in plain AP radiographs.

GROSS AND CROSS-SECTIONAL ANATOMY

Most reference works do not precisely describe the morphological differences be-
tween the configurations of the first through fourth lumbar vertebrae.
Regarding L5, Gray's Anatomy (1) states:

"The fifth lumbar vertebra is distinguished by its massive transverse process; it is connected to the whole
of the lateral surface of the pedicle and encroaches on the side of the body "

Farfan (2) remarks:
"Descending the lumbar spine, the pedicles become shorter and much stouter. At the fifth lumbar verte-
bra, the pedicles actually encroach on the posteroJateral aspect of the body and here are very bulky. The
actual distance between the pedicles (the width of the neural canal) is almost unchanged between l' 1 and
the sacrum."

White and Panjabi (3) notice that the orientation of the facet joints changes gradually
from LI through S1, bui they do not pay attention to differences in the configuration of
the bodies and pedicles.

37
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Figure 3.1. a and b. Inferior (a) and anterior (b) views of an L4 vertebra. The lateral borders of the verte-
bral body, as well as the pedicles, are oriented in a sagittal direction(a). t and d. Same views as in a and b, L5
vertebra. The lateral borders of the vertebra) body exhibit a marked divergence in the AP direction. The
pedicles arc implanted dorsolalerally on the vertebral body, and are fused with th«. bases of the transverse
processes (c). Comparing b with d it is obvious that the 1.4 body shows well defined lateral borders (ar-
rows), whereas the lateral aspects of the 1.5 body, although completely visible, do not display clear border-
lines in the anterior view. No such borderlines are seen in the AP radiograph either. Compare with Figures
3.3 and 3.4.
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Figure 3.2. a. CT fmn of an L3 vertebra at the level of the pedicles. The plane of section is parallel to the in-
ferior vertebral endplate. The lateral sides of the vertebral body are orientated more or less in a sagittal di-
rection, and are somewhat convex anteriorly (open arrows), and concave posteriorly (white arrows), b.
Detail of an AP radiograph of the lumbar spine, showing the same vertebra as in a. The lateral margins of
the vertebral body are sharply outlined (large arrows). The lateral sides of the pedicles arc projected
slightly medial to the lateral sides of the vertebral body (small arrows).

Figure 3.3. a. CT scan of an L4 vertebra. The lateral borders of the vertebral body are less curved than in
Figure 3.2a, especially in their posterior portion (arrows), and do not diverge in the AP direction, b. Detail
of an AP radiograph, showing the same vertebra. The lateral cortical margins of the vertebral body are well
delineated on both sides, the lateral borders of the pedicles are situated in line with the lateral borders of the
vertebral body (arrows).
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Figure 3.4. a. CTscan of an L5 vertebra. The lateral borders of the body diverge markedly in the AP din c-
tion, the pedicles are fused with the transverse processes. I). The same vertebra in AP projection. The late-
ral borders of the vertebral body are nor visualized, nor arc the lateral borders of the pedicles. The verlebrt.1
endplatcs are not visualized sine: they are not parallel to the X ray beam because of the lumbar lordosis.

In this chapter we have concentrated on differences between morphological proper-
ties of the lateral borders of the vertebral bodies and pedicles of L3 through L5 in CT
scans. It appeared that the findings provided an insight into differences in the appear-
rance of these structures in AP radiographs. These structures display the most impor-
tant differences when the images of L3, L4, and L5 are studied in AP radiographs,
apart from differences in facet joint orientation, which have already been discussed in
Chapter 2. Obviously there are many other morphological differences between the va-
rious lower lumbar vertebrae not mentioned here. Some of these differences are dealt
with in other chapters.

Figure 3.1 shows photographs of the anterior and inferior aspects of isolated verte-
brae L4 und L5. Differences with regard to the orientation of the lateral borders of the
vertebral bodies and the implantation of the pedicles can be readily appreciated.

In addition to the information provided by textbooks, CT scans offer more detailed
data on the morphology in the transverse plane.

A CT section of an L3 vertebi;-; at the level of the pedicles (Fig. 3. 2a) shows that the
lateral borders of the body are orientated in a sagittal direction, and are slightly convex
anteriorly and concave posteriorly. The lateral borders of the pedicles are located me-
dial to the most lateral parts of the sides of the vertebral body.

A CT scan of L4 is shown in Figure 3.3a. The lateral borders of the body of L4 are
also orientated more or less sagittally, but are less curved, especially in their posterior
parts, which often diverge somewhat in the AP direction. The lateral borders of the ba-
ses of the pedicle*; are situated in line with the lateral borders of the body. When L4 and
L3 are compared, the bases of the pedicles of L4 are implanted slightly lateral to those
of L3 in relation to the most lateral parts of the sides of the bodies.
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The cross-sectional configuration of L5 differs markedly from L3 and L4 (Fig.
3.4a). As stated in Uray's Anatomy, the transverse process is connected to the greater
portion of the lateral surface of the pedicles, and encroaches on the side of the body, so
as to form in this area a structure in which the transverse process and the pedicle cannot
be distinguished from one another. A specific iateral border of the pedicle proper can
therefore not be delineated. The lateral borders of the vertebral body are not orienta-
ted sagittally, as in L3 and L4, but exhibit a pronounced anteroposterior divergence,
often being continuous with the anterior border of the transverse process. Sometimes
the transition between the lateral border of the vertebral body and the anterior border
of the transverse process is marked by a slight concavity.

RADIOGRAPHIC ANATOMY

It is interesting to note how the morphology, observed from isolated vertebrae and
the cross-sectional images provided by CT, leads to a better interpretation of the plain
AP radiograph. According to one of the basic rules of radiography, the border of a
structure is only sharply outlined in the radiograph when this border is orientated more
or less in the direction of the X ray beam (the orthogradprojection).

Figure 3.2, showing images of L3, illustrates that the lateral borders of L3 are sharp-
ly defined in the radiograph because the lateral parts of these borders are caught tan-
gentially by the X ray beam. The same holds true for the L4 vertebra in the majority of
cases (Fig. 3.3). The lateral borders of the L3 pedicles are slightly more medially placed
with respect to the body than are those of L4 (Fig. 3.2b, 3.3b).

As could be expected from the CT scan, the AP projection image of L5 differs fun-
damentally from those of the higher levels. The lateral borders of the body do not cast

Figure 3.1). Examples of transitional configurations of L4 and L5. a. L4 vertebra displays a configuration
tending towards »hat of an L5 vertebra, b. L5 vertebra, looking more like an L4 vertebra.
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Figure 3.6, AP radiograph and CT scans of the lumbar vertebral column of another patient. In a the lateral
borders of the bodies L3 and L4 are sharply outlined, the borders of L5 are not. The pedicles of L4 arc situ-
ated slightly more laterally compared to those of L3, the lateral borders of the pedicles of L5 are not visuali-
zed, the medial portions are only faintly visible. Compare with b, c and d (CT scans of L3, L4and L5 re-
spectively).
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Figure 3.7. a and b. AP radiographs of two other patients. The lateral borders of the pedicles of L3 are lo-
cated slightly medial to the lateral borders of the vertebral body, whereas the lateral borders of the pedicles
of L4 coincide with the lateral borders of the vertebral body. The lateral borders of the L5 vertebral body
and pedicles are not visualized. No CT scans available.

definable edges in the radiograph because of their oblique course in relation to the X
ray beam (Fig. 3.4). The lateral borders of the L5 pedicles are not seen because the
pedicles are fused with the transverse processes without leaving a sagittally orientated
interface between them, as is described above. Sometimes the medial borders of the
pedicles are not visualized either, because of their oblique orientation.

Of course there is some inter-individual variability. In some patients the lateral bor-
ders of the L4 vertebral body and pedicles are not sharply defined, because they diver-
ge somewhat in the AP direction to assume a more or less L5-like configuration and
vice versa (Fig. 3.5). We have not seen a patient in which the lateral borders of L3

could not be defined, and only a very small number of patient., in whom the lateral bor-
ders of L5 were sharply outlined (except in its most caudal part, below the pedicles).

Additional examples are shown in Figures 3.6 and 3.7. A detailed biostatistical eva-
luation of these differences will be given in the next chapter.
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DISCUSSION

The L5 vertebra forms a transition between the lumbar and sacral spine, not only be-
cause of its location but also because of its shape. We have shown that in the same way
L4 forms a transition between L3 and L5, which can mainly be deduced from the
orientation of the lateral borders of the vertebral bodies near the area of the pedicles
and from the implantation of the pedicles. Chapter 5 will show that there are also gra-
dual differences in facet joint orientation from L3-L4 through L5-S1.

Undoubtedly a most remarkable finding in this study is the incomplete delineation
of the lateral borders of the L5 vertebral body and pedicles in plain AP radiographs.
We could not find any reference to this phenomenon in the radiologie and orthopedic
literature. An enquiry among a number of radiologists and orthopedic and neurologic
surgeons revealed that none of them had ever noticed this phenomenon, with the ex-
ception of one radiologist who remembered a case of a patient suspected of having a
neoplastic lesion in the body of L5 (4). This patient underwent a bone biopsy because it
was thought that the lateral borders of L 5 ;verc "eroded", since they were not visual-
ized in the AP view. The biopsy showed normal histology and the further clinical histo-
ry of the patient revealed no signs of abnormality in this region.

In our opinion this failure in the evaluation of radiographs, which may result in diag-
nostic error, can be explained by mechanisms inherent in sensory visual perception
which, on the basis of laboratory experiments, were formulated in the "Gestalt" theory.
For some readers unacquainted with the principles of Gestalt, this term may be liable
to be mistaken for some foggy German holistic theory or Ganzheits philosophies. The
Gestalt theory, however, concerns the neurophysiological mechanisms of sensory per-
ception. Since we have advanced this theory to explain the fact that failure to perceive
the lateral borders of the L5 vertebral body in AP radiographs has escaped notice, it
may be helpful to give a brief survey of the principles of the Gestalt theory in order to
eliminate any confusion. Emphasis will be placed on mechanisms which lead to mis-
interpretation of radiographs.

The forerunner of the Gestalt theory was the Austrian physicist Ernst Mach (1838-1916) (5-7).
His principal arguments were:

1. What we know of the outside world is obtained through our sense perception "which is some-
thing so simple and so fundamental, that the attempt to trace it back to something even simpler can
never succeed, at least at the present time".

2. In the perception of sensations from the outside world an arrangement of elements takes place
which causes the emergence of different totals reported as geometrical figures, diamonds, tables and
so on, all representing wholes.

3. One of his most important conclusions was that the so called "elements" into which experience
is broken down, arc the product of the analytical activity of the mind, which occurs after the living ex-
perience of some kind of organic whole. The analysis of the presented whole takes place in successive
stages.

More recently the Gestalt theorists (8-14) translated these views in neurophysiolo-
gical terms, stating that the infinite number of stimuli received by the retina is modula-
ted by the brain, resulting in the creation of some order in the perception of the held of
vision such as the perception of entities called Gestalten. These correspond with the
wholes in Mach's terminology, defined under 2. There is no equivalent of the German
word Gestalt in other languages, which is the reason why this word has been assimila-
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ted into them. More recently the term pattern recognitionhas been proposed to indica-
te the same phenomenon. The perception of the Gestalt is no isolated psychic phen-
omenon but is the result of theintegrative activity of the brain. The parallelism between
this activity of the brain and the accompanying psychic phenomena is called isomor-
phism. It brings perception into the most intimate relationship with biophysics, imply-
ing that there is a one to one correspondence of perception with elaboration of form in
the visual cortex. Therefore Gestalt perception is immediate and not the result of reas-
oning. Although formulated in different words, this concept agrees with Mach's state-
ment, mentioned under /. The perception of a certain Gestalt may be annihilated or al-
tered under the influence of analysis of its elements, thinking, or other mental activi-
ties. This is called re-centering of patterns. These activities are involved in the brain
modulating activity in Gestalt perception, which remains a primary conscious phen-
omenon.

Especially in diagnostic radiology, image perception plays a crucial role (15-26).
Knowledge of the Gestalt theories is important in understanding the perception of ra-
diographic images. A first step in the interpretation of radiographs is the recognition of
the normal Gestalts or of their pathological derangements (pattern recognition). In the
examination of the articular facets in oblique radiographs of the lumbar spine the ra-
diologist even makes use of the Gestalt of a little Scotty dog's head, neck and forelegs,
according to a proposition of Lachapèle (27), as an aid in identifying the facet joints
and ir>; pars interarticularis. The risk of neglecting to analyse the elements constituting
f'ie Gcstalt exactly is inherent in Gestalt perception. Every radiologist and clinician is
awn e of the danger of overlooking abnormal elements or details in the images. The al-
most universal failure to notice the absence of the lateral borders of the L5 vertebral
body in AT radiographs is a striking example of failure to analyse the elements in Ge-
stalt perception. This finding has never been reported in the literature and it came as a
surprise to radiologists when we presented them with it. Since it is not the failure of one
individual, the overlooking of a detail, but a failure of nearly everyone involved, this
phenomenon needs further explanation. It may lie in the fact that all the vertebral bo-

Figure 3.8. For discussion see text. (Modified from: Street RF. A Gestalt Completion test. A study of a
cross section of intellect. New York: Teachers College, 1931. Courtesy of Bureau of Publications, Colum-
bia University, New York).
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dies between C2 and L5 show clear dense outlines on all sides in the AP radiograph,
which has led to a stable Gestalt habituation of the shape of vertebral bodies, as visuali-
zed in AP radiographs. A property of such a stable, continuous Gestalt is, that when
presented as an incompletely outlined 'mage by means of drawings or other pictures, it
is nevertheless immediately identified by the observer (pattern recognition). This
phenomenon is explained by the Gestalt theory of the influence of memory on the mo-
dulating activity of the brain, leading the perceiver to fill in missing elements. This is
called the closure phenomenon. In a simplified way this is demonstrated in Figure 3.8,
presenting the picture of a dog. The image of the head and legs is incomplete, but indi-
cated by discrete blotches, while the lateral outlines of the body are completely absent.
Yet the observer experiences no difficulty in identifying the image of a dog because he
finds no special reason for attributing some specific meaning to the fact that some ele-
ments in the image are missing. The closure phenomenon provides a convincing expla-
nation of the fact that the absence of the lateral borders of the body of L5 in AP radio-
graphs escapes perception, under the influence of pattern recognition through stabili-
zed Gestalt memory of all the other vertebral bodies between C2 and L5 in radio-
graphs.

There is, however, a great difference between the result of the closure phenomenon
in the perception of a continuous pattern from a discontinuous dog's image and the
continuous image of the L5 vertebral body from the discontinuous image in AP radio-
graphs. The identification of the dog, despite the discontinuities in the image, has no
practical consequences. The purpose of AP radiographs of the lumbar spine is one of
diagnostic importance. The effect of an absence of lateral borders on the L5 vertebral
body, portrayed by a radiograph, is not present when the vertebral body is examined in
an AP direction with the naked eye, since the entire surface of the body becomes visi-
ble. Through the medium of X rays, the Gestalt of the L5 body in the AP view systema-
tically produces missing elements (lateral borders). The closure phenomenon in the
perception of these radiographic images may lead to serious errors in diagnosis as al-
ready mentioned. Our morphometric examination of CT scans led to the discovery of
this phenomenon. It was an accidental finding while pursuing the main purpose of this
thesis, but it is of great diagnostic importance, hence the digression into a brief discussi-
on of the Gestalt theory. This would seem essential if insight into sources of error in the
interpretation of radiographs, as exemplified in this chapter, is to be gained. Unfamili-
arity with the Gestalt theory may lead to its rejection as a sort of mysticism but, especi-
ally in the USA, it is considered an invaluable contribution to sensory neurophysiolo-
gy, or psychoneurophysiology, and it has led to much fruitful experimental work in the
laboratories of that country.
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Chapter 4

Cross-sectional Morphology of the Lower
Lumbar Vertebral Bodies at the Level of
the Pedicles

The cross-sectional morphology ol' the vertebral bodies 1.3. L4, and L5 at the level ol' the
pedicles, broadly outlined in Chapter 3, was studied in a series of 213 vertebrae with plain
axial computed tomography (CT). Several standardized parameters have been developed
in order to obtain an accurate quantification of the characteristics of vertebral morphology
in the transverse plane. Significant differences in the shapes of the lower lumbar vertebral
bodies (L3, L4, and L5) as compared with each other are demonstrated. These differences
are most marked in the orientation of the lateral borders of the vertebral bodies, and the
implantation of the pedicles. The configuration < f L4 forms a transition between 1.3 and
L5, though L4 resembles L3 more than il resembles L5.

IN THE STUDY of the lumbar spine, the morphology of the bony vertebrae in the trans-
verse plane has received no particular attention. This was largely due to the absence

of adequate investigation techniques. In the living, the only way of obtaining informa-
tion about the transverse configuration of the vertebrae is by plain radiography and to-
mography. In cadaver studies there are other opportunities, but to our knowledge the
vertebrae have never been investigated systematically in the axial plane, with the ex-
ception of measurements of AP and transverse diameters of the vertebral body and ca-
nal (1-4).

Cross-sectional morphology, however, is an interesting and till now under-estima-
ted field, not only from an embryological or developmental point of view, but also from
a biomechanical one. As described by other authors (5-6), the mobility range (transla-
tion along or rotation around the three co-ordinate axes) of the lumbar intervertebral
segments varies at the different levels. Also the load varies with the level involved. It
seems reasonable to assume that these differences in biomechanical properties are ac-
companied by differences in the cross-sectional configuration of the lumbar vertebrae.

The newer high resolution (third and fourth generation) computed tomography
(CT) equipment provides an excellent means of imaging sections of the vertebrae in
the transverse plane, allowing anthropometric studies of its various components.

In the present study we have investigated the cross-sectional morphology of the ver-
tebral bodies L3, L4, and L5 with CT. Aspects of the cross-sectional morphology of
the vertebrae which deal with the neural arch will be considered in other chapters. We
have not made any attempt to correlate our findings with differences in the biomecha-
nics of the motion segments. The vertebrae L3, L4, and L5 have been chosen for our
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study because a larger volume of material was available as a result of CT examination
of patients with low back pain. Although the levels T12 through L2 might prove equal-
ly interesting, they were rarely included in our examinations.

MATERIALS AND METHODS

Patient selection

The study was carried out on patients referred to the Department of Radiology at
the University Hospital, Utrecht, because of low back pain and/or sciatica. Therefore
the patient population is not a randomized sampling of normal human variance. Whe-
ther our findings would differ in some degree from those taken from a general popula-
tion remains unknown.

A total number of 213 vertebrae was selected for evaluation. Only those vertebrae
were includea in the study which met the following criteria:
— plane of CT section parallel to the vertebral endplates
— symmetric positioning (checked at the vertebral pedicles)
— no previous operation
— no severe degenerative changes
— no vertebral anomalies

This resulted in the examination of 71 x L3,71 x L4, and 71 x L5 vertebrae, from a
population of 123 patients (64 males, 59 females). Patient age ranged from 15 to 74
years, with the mean age being 41.4 years (SD12.1 years). A histogram of the age dis-
tribution is given in Figure 4.1.

15-19 20-24 25-29 30-34 35-39 40-44 45-49 50-54 55-59 60-64 65-69 70-74
flGE

Figure 4.1. Age distribution of the patients examined in this investigation.
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Scanning equipment and examination technique

CT scanning was performed using either a Philips Tomoscan 300 or a Tomoscan
310. Slice thickness was 3 mm or 4.5 mm with a table incrementation of 4.5 mm, and a
FOV of 120 mm in the majority of cases. Each motion segment was examined with a se-
ries of CT slices parallel to the inferior vertebral endplate of the cephalad adjacent ver-
tebra (Fig. 4.2). No intradural contrast medium was used.

From this series fhe CT section through the inferior portions of the pedicles was se-
lected for the present study (Fig. 4.3). This level of section visualizes the minimal mid-
sagittal and midtransverse diameters of the vertebral body, as well as the cephalad
margins of the laminae. In addition, the individual characteristics of each vertebral bo-
dy, as compared to higher and lower vertebrae, are best shown at this level of section. It
should be recalled that the vertebral bodies exhibit a sort of constriction anteriorly and
on both sides, halfway between their endplates. Therefore the MSD and MTD have been
measured at this level.

All CT scans were printed at a window level of 250 HU and a window width of 800
HU, which is the most accurate setting for bone measurements in CT images (7).

Measurements were not made from the viewing console but from the hard-copy
images because they allow greater accuracy. For the measurement of distances and
lengths a correction factor is needed. This correction factor can be calculated as fol-

Figure 4.2. Lateral scanogram shows CT sections for evaluation of the vertebral levels L4-L5 and L5-S1.
Each motion segment is examined via a series of CT slices parallel to the inferior endplate of the cephalad
adjacent vertebra.
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Figure 4.3. Illustration of the level of the CT sections used in the present investigation, a. CTscan at the in-
ferior portions of the pedicles, b and c. Black lines indicate the plane of the CT section shown in a. This sec-
tion level passes through the central (middle) portion of the vertebral body, where the minimal AP (b) and
transverse (c) diameters are found. Posteriorly it passes through the ccnhalad borders of the laminae, d.
Specimen of lumbar vertebra displaying how the inferior portion of the pedicle, the middle portion of the
body and the cephalad portions of the laminae serve as reference structures for the interpretation of a-c.
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lows: Our hard-copy images are 85 mm2. When a FOV of 120 mm2 is used, the correc-

tion factor becomes ±^l = 1.41. Obviously no correction factor is needed for the me-
85

asurement of angles.

Parameters

For the quantitative analysis of transverse sections of the vertebral bodies a number
of reproducible parameters have been developed.

Midsagittal line
The de ermination of a midsagittal reference line is essential for our purpose, but re-

mains somewhat arbitrary. This is minimized by using the following reference system:
To obtain a midsagittal line it is necessary to define two points. We have chosen one
point in the center of the anterior portion of the vertebra (the vertebral body), and one
in the center of the posterior portion (the neural arch). In order to determine the center
of the vertebral body we used the ROi (/?egion Of Merest) circle (Fig. 4.4). The ROI
circle, the diameter of which can be adapted, is a capability of the CT scanner originally
designed for densitometry of particular structures in the CT image. The circle is placed
within the vertebral body so ti. its margins coincide with the outer cortical borders of
the vertebral body both anteriorly and posteriorly. Care was taken to place the circle

li(jnrt' 4.4. Determination of the midsagittal line (fl), the midsagittal diameter (MSI)) of the vertehral body
(open arrows), the midtransverse line (6), the midtransversc diameter (Ml/), small white arrows), the pos-
terior tangential line (c). and the external interpedicular distance (Ell), between large white arrows). A =
center of the ROI circle of the body, B <= center of the ROI circle of the spinolaminar junction.
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equidistant from the lateral borders of the vertebral body. The procedure was facilita-
ted by narrowing down the window width to 100 or 200 HU, which resulted in a sharp
definition of the cortical borders. Thus, the center of the circle can be accepted as the
center of the vertebral body at this level of section. In order to obtain a reference point
in the neural arch, we chose the center of the spinolaminar junction (= the junction of
laminae and spinous process). This center is found in a similar way to the center of the
vertebral body. Here the margins of the circle coincide with the outer cortical borders
of the spinolaminar junction at three points (Fig. 4.4): ventrally at the cortical margin
of the vertebral canal, and dorsolaterally at the junction of the spinous process and la-
minae on both sides. The line through both centers was called the midsagittal line. This
method of determination, which seems somewhat complicated at first, has been cho-
sen because it provides an accurate and reproducible reference. No gross deviations
were found in our material. If diameters are not measured from identical points, esta-
blished by constant reference markers, comparative measurements are impossible.

Midsagittal Diameter (MSD)
The length of the midsagittal line inside the vertebral body was defined as the midsa-

gittal diameter (Fig. 4.4).

Midtransverse Diameter (W^o)
Perpendicular to the midsagittal line, a line was drawn through the center of the ROl

circle of the vertebral body, and was called the midtransverse line. The length of this li-
ne inside the vertebral body represents the midtransverse diameter (Fig. 4.4).

External Interpedicular Distance (EiD)
Another line was constructed, perpendicular to the midsagittal line, along the pos-

terior border of the vertebral body (the posterior tangential line, Fig. 4.4). From this li-
ne the distance between the lateral sides of the pedicles was measured: the external in-
terpedicular distance.

Transverse Intertangential Angle (TilA)
A preliminary comparative study of the lateral borders of the vertebral bodies of L3,

L4, and L5 in CT scans, revealed, apart from som variations, that the lateral borders
of L5 diverge markedly in the AP direction, while at L4 they only slightly diverge in the
AP direction (Fig. 4.5 a,b). At the level of L3 the anterior portions of the lateral bor-
ders diverge in the AP direction, whereas the posterior portions converge (Fig. 4.5c,
see also Chapter 3). In order to quantify these differences in configuration, tangential
lines were drawn along the lateral border on both sides of each vertebra. This posed no
problem in the case of the bodies of L4 and L5 (in which the lateral borders diverge in
both their anterior and their posterior part). In an attempt to resolve the problem of the
body of L3, we have drawn the lines tangential to the posterior (converging) part of the
lateral borders. For the purpose of standardization, the lines in the latter case were
drawn parallel to the chords between the intersections of the midtransverse line and
the lateral borders of the vertebral bodies on the one hand, and the top of the curve
posteriorly on the other. The angle between both tangentials was called the Transverse
Intertangential Angle (TITA) and was marked with a plus sign when the intersection
was located anteriorly (for instance in Fig. 4.5b), and with a minus sign when it was lo-
cated posteriorly (Fig. 4.5c).
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Figure 4.S. Lines used for determination of the transverse intertangential angle(TlTA). Arrows indicate
the tangential lines along the lateral borders of the vertebral bodies (called lateral tangential lines), a. Ver-
tebra L4. The lateral borders of the vertebral body diverge slightly in the AP direction, b. Vertebra L5. The
lateral borders show a more pronounced antero-posterior divergence, c. Vertebra L3. The lateral borders
of the vertebra diverge in their anterior part, and converge in their posterior part. In order to distinguish
this configuration from the others (esp. a), the lateral tangentials in these vertebrae have been chosen tan-
gential to the posterior part of the vertebral body border. The angle between the tangential lines of the left
and right sides, called the transverse intertangential angle (TITA), could not be measured directly at the L3
and L4 levels. To standardize the measurement of the TITA, we measured the angle between the lateral tan-
gential line and the posterior tangential line on both sides at all three levels. The TITA was calculated by
subtracting the sum of both angles from 180°.
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Some of the variables described above are also useful in conjunction with each
other. The relations between the MSD and the MTD have been expressed in the correla-
tion coefficients and the ratio . Also the difference between EID and MTD, which

MTD
gives an indication of the pedicle implantation in relation to the lateral border of the
vertebral body, has been determined.

In our opinion the aforementioned parameters allow an accurate and reproducible
evaluation of the cross-sectional morphology of the vertebral bodies at the level of the
pedicles.

Statistical methods

The group data are given as the group mean + 1 standard deviation. Lengths and
distances were originally measured in integers, but ai e reproduced with one figure be-
hi'jrl the decimal point because of the correction factor for the FOV, as mentioned abo-
ve Some of the data are graphically represented in the form of bar diagrams showing
the distribution in quintiles, which demonstrate clearly the shift of the parameter valu-
es from L3 downward. Comparisons were made by the Student's i test. Correlations
were performed with a least squares linear fit. The criterion for statistical significance
was p<0.05.

RESULTS

The data acquired from the parameters described in the previous section are sum-
marized in TABLE 4.1.

Midsagittal diameter (MSD)
The MSD'S of L3 and L4 show a statistically significant difference of 1.2 mm, the dif-

ference between L4 and L5 is not significant. The mean values are 34.0,35.2 and 35.9
mm respectively.

Midtransverse diameter (MTD)
The MTD'S of L3 and L4 show a statistically significant difference of 1.3 mm (mean

values 43.7 and 45.0 mm respectively). The MTD of L5 is markedly greater, being 47.9
mm in mean (/KO.001 when compared to the MTD of L4). which gives some indication
of the different configuration of L5 in the transverse plane. This difference is also re-
flected in the parameters described below.

MSD vs. MTD (correlation and ratio)
There is a fairly close correlation between the MSD and the MTD at each separate le-

vel (L3: r = 0.71; L4: r = 0.77; L5: r = 0.68; see TABLE 4.2). To illustrate this, the plot
diagram of the correlation at the level of L4 is given in Figure 4.6.

The relationship of MSD and MTD expressed in the ratio rj—was calculated for each

individual vertebra. This ratio has mean values of 0.78, 0.78, and 0.75 at L3, L4, and
L5 respectively (TABLE 4.1), with a standard deviaiion of about 8% of the mean valu-
es. The lower ratio value at L5 can be ascribed to the greater MTD at this level (see abo-
ve).
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TABLE 4.1: Data regarding Cross-Sectional Morphology of the Lower Vertebral
Bodies

L3

n=71

Difference L4
L3/L4
n = 54 n =

Difference
L4/L5

L5

mean + SD mean mean + SD
min — max significance min — max

mean mean ± SD
significance min - max

Midsagittal Diameter 34.0 ± 2.5 1.2
(MSD) in mm 30.0-41.4 /X0.009

Midtransverse Diameter43.7 + 4.1 1.3
(MTD) in mm 34.6 - 52.9 /X0.04

35.2 ± 3.0 ycKO.34
28.6-41.4 (NS)

45.0 ± 3.8 2.9
37.1-55.7 /K0.001

Ratio MSD
MTD

0.78 + 0.05
0.69 - 0.96

p<0.92
(NS)

0.78 + 0.05
0.69 - 0.89

0.03
/K0.002

External Interpedicular 40.0 + 4.0 8.3
Distance (EID) in mm 31.4 - 50.0 p<0.001

EID minus MTD* inmm-3.7 + 3.8 7.0
-12.9 - +4.3 /X0.001

Transverse Intertangen- —14.3 + 12.2 20.6
tial Angle (TITA) - 4 4 - + 1 2 p<0.001
(degr.)

48.3 ± 4.7 26.0
38.6-61.4 /K0.001

+3.3 + 3.7 23.1
- 7 . 1 - + 1 1 . 4 /K0.001

+6.3 ±11.5 46.7
- 2 4 - +37 p<0.001

35 4 + 2.9
28.6-41.8

47.9 + 4.5
40.3-57.1

0.75 + 0.06
'> 63 - 0.87

74.3+ 11.1
50.4- !05.7

+26.4 + 9.4
5.7-55.7

+53.0 ± 15.4
+ 18- +88

* = a positive value indicates KID > MTD
a negative vp'.ue indicates KID < MTD

TABLE 4.2: Correlations between MSD and MTD*

L3 L4
«=71

L5
n=l\

MSD vs. MID
/X0.00001

/•=0.77
p<0.00001

MSD = midsagittai diameter of the vertebral body
MID = midtransverse diameter of the vertebral body
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Figure 4.6. Correlation between the midsagittal diameter (MSD) and the midtransverse diameter (MTD) of
the vertebral bodies L4 in 71 patients.
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Figure 4.7. Bar graph shows shift of values of the external interpcdicular distance (EID) from L3 through
L5. Each block (whether checkered, hatched, or white) represents 20% of cases at each separate level.
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External Interpedicular Distance (ElD)
The mean HID values at L3, L4, and L5 show statistically significant differences,

(40.0, 48.3, and 74.3 mm respectively). The distribution of values is graphically de-
picted in a bar diagram in Figure 4.7. It should be noted that the remarkably higher va-
lue at L5 is i aused by the different configuration of the vertebra, in which the pedicles
are more latero-ventrally implanted on the body and are fused with the transverse pro-
cesses. Asa result, parts of the transverse processes are included in the measurement of
the EID. This parameter shows the difference in the transverse configuration of the L5
vertebra compaica to the higher levels.

EID vs. MTD (ElD minus MTD)
At the level of L3 the mean difference between the EID and the MTD is —3.7 mm

(TABLE 4.1, EID minusMTD). The minus sign signifies that the mean EID is smaller than
the mean MTD at this level. This indicates that the lateral border of the pedicle on each
side is situated about 1.8 mm medial to the lateral border of the vertebral body when
measured along the midtransverse line. At L4 the mean EID is 3.3 mm greater than the
mean MTD, indicating that the lateral border of each pedicle is situated about 1.6 mm
lateral to the vertebral body border: the lateral borders of the vertebral body diverge
slightly from the midtransverse plane to the base of the pedicle. At L5 the difference
between the EID and MTD is even greater (mean value: +26.4 mm), signifying a more
pronounced divergence of the vertebral body borders anteroposteriorly from the mid-
transverse plane.

Transverse Intertangential Angle (TITA)

This is the parameter which shows most clearly the shift of values from L3 through
L5. The mean value at L3 is negative (—14.3°), signifying the crossing of the tangential
lines dorsally. This indicates a convergence of the posterior parts of the lateral borders
of the vertebral body, as is discussed in the section on parameters. At L4 the value is a
low positive one (+6.3°), indicating the fairly straight course of the lateral border in the
AP direction, with only slight divergence. At the level of L5 the mean value of TITA is +
53.0°, which indicates a pronounced divergence of the lateral borders of the vertebral
body in the AP direction. Figure 4.8 shows the bar graph.
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Figure 4.8. Bar graph shows distribution of values of the Transverse Intertangential Angle (TITA) at each
level.
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Because TITA and HID minus MTD produce more or less the same information
through different pathways, the correlation between these parameters has been deter-
mined. The correlation coefficient is 0.95 (/K0.00001), which means that these me-
thods of determination show a very high degree of correlation.

DISCUSSION AND CONCLUSIONS

The mean midsagittal diameters (MSD 'S) of the vertebral bodies L3 and L4 show a
significant difference of 1.2 mm (34.0 mm and 35.2 mm resp.). The MSD of L5 (35.9
mm) does not differ significantly from the MSD of L4. The mean midtransversediame-
ters (MTD 's) at L3 and L4 show a significant difference of 1.3 mm (43.7 mm and 45.0
mm resp.), the average MTD at L5 is 47.9 mm. Only a rough comparison between these
data and those of earlier reports is possible. Eisenstein (1,2) also measured minimal
MSD'S and MTD'S and found values that were one to six mm lower than ours. He used
the dried skeletons of different racial groups for his investigations. Possibly the lack of
agreement between our values and those of Einstein depend on the entirely different
selection of the material. Larsen and Smith (3) measured from radiographs without
using a correction factor for magnification. They give their results in a diagram, the me-
an values of MSD are in the region of 50 mm and MTD of 60-68 mm. Jones and Thom-
son (4) have used AP and lateral diameters of the vertebral bodies for correlation with
spinal canal width. However, they do not give specific data on vertebral body measure-
ments.

A pronounced correlation exists between MSD and MTD at each separate vertebral

level: L3: r = 0.71; L4: r = 0.77; L5: r = 0.68. The ratio — measures: L3: 0.78 ±

0.05; L4: 0.78 + 0.05; L5:0.75 ± 0.06. The fairly high correlation coefficients, as well

as the small standard deviations (about 8% of the mean values) of the ratio—— indica-

te a close relationship between MSD and MTD. The explanation for this close relation-

ship is not yet clear to us. This subject is beyond the scope of this investigation, but may

form a part of further morphological studies of the entire vertebral body.
The difference between the external interpedicular distance and the midtransverse

diameter (ElD minus MTD) reflects the site of implantation of the pedicles on the verte-
bral bodies. The mean values of ElD WHIMS MTD are —3.7, +3.3, and +26.4 mm at L3,
L4, and L5 respectively. The following conclusions can be drawn: (a) The pedicles of
L3 are implanted on the vertebral body with their lateral borders slightly medial to the
lateral borders of the body, when measured along the midtransverse plane. (è)The pe-
dicles of L4 are localized with their lateral borders just lateral to the lateral borders of
the body. The lateral borders of the vertebral body diverge slightly in the AP direction
to fuse evenly with the lateral borders of the pedicles, (c) The high mean value of EID
minus MTD at the level of L5 is explained by the fact that the pedicles at this level are not
placed on the lateral part of the posterior surface of the vertebral body, but rather at the
junction between the posterior and lateral surfaces, so that their direction is oblique in
relation to the midsagittal plane. Furthermore, the pedicles are fused with the transver-
se processes, which is not the case at the higher levels.

Although the parameter EID minus MTD gives some idea of the orientation of the la-
teral borders of the vertebral bodies at the level of the pedicles, the Transverse Inter-
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tangential A ngle (TITA) provides more specific information. The mean values are: L3:
—14.3°; L4: +6.3°; L5: +53.0°. A convergence of the posterior parts of the lateral bor-
ders of the vertebral body in the AP direction is indicated with a minus sign, while an
anteroposterior divergence of the lateral border is indicated with a plus sign. It is con-
cluded that the posterior parts of the lateral borders of L3 converge markedly in the AP
direction, th», lateral borders of L4 show a slight divergence, and the lateral borders of
L5 show a pronounced divergence in the AP direction.

It is generally accepted that the vertebra L5 forms the transition between the lumbar
spine and the sacral spine, not only in position but also in configuration. In this study
we have shown that the vertebral body of L4 forms the transition between L3 and L5,
although L4 resembles L3 more than it resembles L5. The same applies to the transver-
se orientation of the facet joints and the laminae at the lower lumbar levels. These will
be described in Chapter 5.

The values reported in this section are mean values. Of course there are inter-indivi-
dual variances and overlaps in the cross-sectional configurations of L3, L4, and L5.
For example L3 may assume a more L4-like configuration or vice versa; &ho L4 some-
times assumes an L5-l:ke configuration or vice versa.

The importance of the morphological properties described in this chapter in the
interpretation of AP radiographs of the lower lumbar spine

The differences in cross-sectional configuration of the lower lumbar vertebrae de-
scribed above are important in the interpretation of the projected image of these
structures visualized in the plain AP radiograph. The lateral borders of the vertebral
bodies L3 and L4 can generally be seen as sharp edges because they are orientated
mainly in a sagittal direction and are therefore caught tangentially by the X ray beam.
For the same reason the pedicles of L3 and L4 can usually be seen in their entire cir-
cumference, though the differences in implantation cannot be as accurately measured
as in CT because of variances in patient posture and thickness, radiographic technique,
and geometric distortion. The lateral borders of the vertebral body and pedicles of L5
are not visible in most cases because of their marked anteroposterior divergence, and
the anterolateral implantation of the pedicles. Therefore they are not caught tangent-
ially by the X ray beam. The medial parts of the pedicles remain visible. Details con-
cerning the appearance of the lower lumbar vertebrae in AP radiographs and their
comparison with CT images of the vertebrae are given in Chapter 3.

In conclusion: This study has yielded valuable information about the morphology
of the lower lumbar vertebral bodies and pedicles in the transverse plane, and about si-
milarities and dissimilarities between the vertebrae in this respect.
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Chapter 5

The Orientation of Laminae and Facet
Joints in the Lower Lumbar Spine

The relationship between the angulation of the facet joints and that of the caudad parts of
the corresponding laminae in the transverse plane was investigated with computed tomog-
raphy (CT) at the vertebral levels L3-L4, L4-L5, and L5-S1. At the level of L.VL4 both the
facet joints and the caudad portions of the laminae tend towards a sagittal orientation,
while at L5-S1 this is more towards the frontal plane. At the level of L4-L5 they occupy an
intermediate position. A highly significant correlation between the orientation of these
structures is demonstrated. The caudad parts of the laminae may be considered as buttres-
ses for the inferior articular processes of the same vertebra.

IN THIS CHAPTER we report a correlative investigation of the cross-sectional morpho-
logy of the intervertebral (facet) joints and the caudad portions of the correspond-

ing laminae. Some introductory remarks on the basic anatomy are necessary (1-3).
The inferior articular processes of a vertebra are attached anterolaterally to the cau-

dad portions of the laminae, and their only connection with the rest of the vertebra is
through the laminae (Fig. 5.1) (1). The superior articular processes are implanted on a
larger and more massive area, formed by the pedicles, the partes interarticulares, and
the lateral cephalad parts of the laminae (Fig. 5.2). In the motion segment the inferior
articular processes and the caudad portions of the laminae form, by means of their arti-
culation with the superior articular process of the underlying vertebra, a structural and
functional unit, in so far as they guide and limit the movements of this segment (3).

The laminae can be divided into cephalad and caudad portions (Fig. 5.3). The ce-
phalad portions are arched and have a smooth inner surface. The caudad portions have
a rough inner surface, which serves as an attachment for the yellow ligament. In AP ra-
diographs the caudad borders of the laminae form an angle in the frontal plane (the in-
ferior interlaminar angle), while in CT scans the caudad portions of the laminae form
an angle in the transverse plane (the transverse interlaminar angle, Fig. 5.4). It is the
latter angle which is studied in this chapter. The caudad parts of the laminae can be
considered to act as buttresses for the inferior articular processes (1).

In Chapter 2 we demonstrated significant differences in the orientation of the facet
joints in the transverse plane, at the various lower lumbar vertebral levels. In view of the
intimate spatial relationship between the inferior parts of the laminae and the inferior
articular processes, we have investigated the relationship between the transverse inter-
laminar angle and the orientation of the facet joints in the transverse plane. The results
may be of interest in connection with the biomechanical differences at the various le-
vels.
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The reference system used to measure the transverse orientation of the facet joints in
the present study differs from the one used in Chapter 2. In that chapter we referenced
the orientation of the facet joints at each level to a frontal plane constructed through
these joints, with the intention of comparing the orientation of theleft joint with that of
the right. In the present investigation we have measured the angle between the right
and left facet joints in the transverse plane directly, and consequently there was no
need to construct a frontal or sagittal reference plane.

Figure S.I. Isolated lumba; vertebra viewed from the inferolatcral aspect. The inferior articular processes
are located anterolaterally on the caudad parts of the laminae, which form their only conm ^ i ion with the
rest of the vertebra (arrows).

Figure 5.2. Same vertebra as in Fig. 5.1, viewed from the posterosuperior aspect. The superior articular
processes arc located directly on the pedicles, the partes interarlicularcs, and the adjacent cephalad por-
tions of the laminae. They are implanted, therefore, on a larger bony base than the inferior articular pro-
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Figure 5.3. a. Antero-inferior view of an isolated vertebra. The difference in shape between the craniad
portions of the laminae (which form an arch in transverse section) and the caudad portions (which form an
angle) can be seen to good advantage, b. Inferior view showing the angle between the caudad borders of the
laminae more clearly.

Figure 5.4. CT section through the caudad portions of the laminae of L4. The angle between tho left and
right lamina at this level of section is shown well. For the exact determination of this angle see Fig. 5.6. The
level of this CT section also shows the centers of the facet joints L4-L5, as well as the iniervertebral disc.
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MATERIALS AND METHODS

The patient population, scanning apparatus, and examination technique have been
described in Chapter 4, and are briefly recalled here.

Case material consisted of patients referred to our department because of low back
problems. Only those vertebral levels were included which met the following criteria:
(a) scanplane parallel to the vertebral endplates, (b) symmetric positioning, (c) no pre-
vious operation, (d) no severe degenerative changes, (e) no vertebral anomalies. A to-
tal number of 212 vertebral levels was evaluated (70 x L3-L4,71 x L4-L5, and 71 x L5-
Sl) from a population of 123 patients.

CT studies were conducted on a Philips Tomoscan 300 or 310. Slice thickness was 3
mm or 4.5 mm, table incrementation 4.5 mm, and FOV 120 mm.

For this study the CT section through the caudad parts of the laminae was used. At
L4-L5 and L5-S1 this section level also passes through the center of the facet joints in
most cases (Fig. 5.4). At L3-L4 the center of the facet joints was often located slightly
more caudally. In these cases two CT slices were used: one for evaluation of the distal
parts of the laminae, and one for evaluation of the facet joints. All sections were taken
parallel to the inferior endplate of the cephalad adjacent vertebra.

Parameters

The following parameters were developed: the transverse interfacet-joint angle
(I 'IFA), and the transverse interlaminar angle (TILA).

Figure 5.5. Determination of the transverse interfacet-joint angle ir/i A ). A line is drawn tangential to the
antcromedia! and posterolateral edges of the superior articular facet bilaterally. The angle (a) between
these lines is called the transverse interfacet-joint angle.
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Figure 5.6. Determination of the transverse interlaminar angle rl/l.Ai. The center of the spinoluminur
junction is determined by placing the ROI circle within its bony confines. Lines are drawn between the cen-
ter of this circle and the centers of the narrowest portions of the laminae. We have assu. ned these lines rep-
resent the axes of the laminae in the transverse plane. The angle (|!) between these lines is called the trans-
verse interlaminar angle.

Transverse interfacet-joint angle (TlFA)
In order to determine the orientation of the facet joints in the transverse plane a line

was drawn tangential to the anteromedial and the posterolateral margins of the superi-
or articular facet (called the facet line in Chapter 2, see Fig. 5.5). Although this line, in
fact, determines the orientation of the superior articular facet of the subjacent verteb-
ra, in our opinion it accurately reflects the transverse orientation of the facet joint as a
whole. The angle between the tangential lines of the left and right facet was called the
transverse interfacet-joint angle (TlFA).

Transverse interlaminar angle (TlLA)
In order to measure the orientation of the caudad portions of the laminae in the

transverse plane it was necessary to determine the center of the spinolaminar junction
in the CT image. This has been achieved by using the circle capability of the scanner
(Fig. 5.6). The diameter of this circle can be adjusted to fit within the cortical bony con-
fines of the spinolaminar jujiction. The center of the circle represents the center of the
spinolaminar junction at the level concerned. A line was drawn through this center
along the axis of the lamina as determined by the center of the narrowest portion of the
lamina. The angle between the left and right lines was called the transverse interlami-
nar angle (TILA). It should be noted that in this thesis the transverse intcrlaminar angle
refers to the angle between the caudadborders of the laminae in the transverse plane;
the cephalad portions of the laminae have not been a subject of investigation in this
study.
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Statistical analyses were carried out using Student's / test and the least squares
method.

RESULTS

The results of measurement of and correlation between the transverse interfacet-
joint angle and the transverse interlaminar angle at the levels L3-L4, L4-L5, and L5-
Sl are summarized in TABLKS 5.1 and 5.2.

Transverse interfacet-joint angle (UFA)

The mean values for the transverse interfacet-joint angles at L3-L4, L4-L5, and L5-
S1 are 74.2°, 96.4°, and 106.2°, respectively (TABLE 5.1). The differences between ad-
jacent levels are highly significant (p <0.001). Note I: the mean value of L4-L5 is closer
to that of L5-S1 (mean difference: 9.8°), than to that of L3-L4 (mean difference:
22.2°). Note 2: there is a fairly high standard deviation of the TIFA at each level (18.3°,
20.4°, and 17.7° respectively). Figure 5.7 shows the frequency distributions, relative to
each other, graphically in the form of quintiles. The shift of values from L3-L4 down-
wards is clearly shown.

TABLE 5.1: Values for TIFA and TILA in the Lower Lumbar Spine*

L3-L4 Difference L4-L5
L3-L4/L4-L5

« = 70 n = 54 « = 71

Difference L5-S1
L4-L5/L5-S1
« = 47 n = 71

TIFA
(degr.)

TILA
(degr.)

mean + SD mean mean + SD mean mean ± SD
min — max significance min — max significance min — max

74.2+ 18.3
34 - 114

91.2 + 8.8
6 4 - 1 1 3

22.2
pO.Mi

8.2
p<Q.Q0\

96.4 + 20.4
5 9 - 150

99.4 + 9.1
7 8 - 120

9.8
p<0.00l

17.1

106.2 ± 17.7
7 2 - 140

116.5+ 12.6
75 - 143

* 'I'IKA = transverse interfacet-joint angle
lil.A = transverse interlaminar angle

TABLE 5.2: Correlations between TIFA and TILA in the Lower Lumbar Spine*

L3-L4
«•=70

TIFA vs. TILA r=0.24
p<0.02

* 'llh'A = transverse interfacet-joint angle
TII.A = transverse interlaminar angle

L4-LS
«=71

r=0.26
p<0.02

L5-S1
«=71

r= 0.005
,p<0.34
(NS)

entire group
« = 212

r=0.48
/K0.00001
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Figure 5.7. Bar graph shows the quintile distribution of the transverse interfacet-joint angle (I II-AI values at
the levels of L3-L4, L4-L5, and L5-S1 (from above downwards). Kach block (whether eheckered,
hatched, or white) represents 20% of cases at each separate level. The shift of parameter values from L3-
L4 through L5-S1 is clearly demonstrated. The values of L4-L5 are closer to those of L5-S1 than to those
of L3-L4.
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Figure 5.8. Bar graph shows the quinlilc distribution of the transverse interlaminar angle (i n A i values. In
contrast to the values for the I IHA (Fig. 5.7) the values for the I» A of 1.4-1.5 are closer to those of 1.3-1.4
than to those of 1.5-SI.

Transverse interlaminar angle (ili.A)

The mean values are 91.2°, 99.4°, and 116.5° at L3-L4, L4-L5, and L5-S1 respect-
ively. These differences are also highly significant (p<0.()01). In this case the mean va-
lue of L4-L.5 is closer to that of L3-L4 (mean difference: 8.2°), than to that of L5-S1
(mean difference: 17.1°), contrary to the values found for the TIFA (see above). The
standard deviations of thcllLA arc much lower than those of the'UFA (8.8°, 9.1°, and
12.6° respectively). Figure 5.8 shows the bar graph.
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Figure 5.9. Plot of the transverse interfacct-joint angle (I ;KA, horizontal axis) and the transverse interlami-
nar angle (TH.A, vertical axis), x = L3-L4; • = L4-L5; + = L5-S1. The multiplication signs are mainly con-
centrated in the left lower area, while the plusses are located mainly in the right upper area. The dots oc-
cjpy an intermediate location.

Correlation between in A and TILA

The correlation between TIFA and TILA is significant, but the coefficient is fairly low
at L3-L4 (/•= 0.24, /K0.02) and L4-L5 (r= 0.26, p<0.02), and it is not significant at
L5-S1 (r= 0.05, p<0.34) (TABLE 5.2). The correlation in the entire group of levels
L3-L4, L4-L5, and L5-S1 is highly significant (/•= 0.48, /K0.00001). In Figure 5.9 the
latter correlation is reflected in graphic form.

Typical configurations

Figure 5.10 shows the typical configurations of the quadrangles composed of the
mean values of TIFA andTlLA at the levels L3-L4, L4-L5, and L5-S1, along with illus-
trative CT scans. Note that at the level of L4-L5 the mean UFA is about the same as the
mean TILA, so that the quadrangle assumes the form of a rhomb (the direction of the
lamina on one side parallels the direction of the facet joint on the contralateral side). At
L3-L4, as well as at L5-S1, the TIFA is slightly more acute than the TILA.
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Figure 5.10. a,b,c. Quadrangles composed of the mean values for transverse interfacet-joint and inter-
laminar angles at L3-L4, L4-L5, and L5-S1 respectively. d,e,f. CT scans of each of the three levels show
the formation of the quadrangles. Obviously they present individual values and not the mean values shown
in a, b, and c.
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DISCUSSION AND CONCLUSIONS

This CT study has shown a significant correlation between the orientation of the
lower lumbar facet joints and the caudad portions of the corresponding laminae, in the
transverse plane.

The mean values for the transverse interfacet-fointangle(TlFA, = the angle between
the orientation of the left arid right facet joint in the transverse plane) are: L3-L4:
74.2°; L4-L5: 96.4°; andL5-Sl: 106.2°. The mean values for the transverse interlami-
narangle(TiLA, = the angle between the caudad portions of the left and right lamina in
the transverse plane) are: L3-L4: 91.2°; L4-L5:99.4°; and L5-S1: 116.5°. So there is a
gradual increase in TIFA and TILA from L3-L4 downwards. The TIFA of L4-L5 is closer
to that of L3-L4, while the TILA of L4-L5 is closer to that of L5-S1. At L4-L5 the TIFA
and TILA are about the same, while at L3-L4 and L'J-S 1 the TIFA is slightly smaller than
the TILA.

The correlation between TIFA and TILA is significant but the coefficient is rather low
at the levels of L3-L4 and L4-L5, and it is not significant at L5-S1. In contrast to this,
the correlation between these parameters for the entire group is highly significant (/•=
0.48, p<0.00001).

These data indicate that, as far as the entire group of 212 vertebral levels is con-
cerned, the smaller the angle between the left and right facet joint (/. e. the more the fac-
et joints tend towards a sagittal orientation), the smaller the angle between the caudad
portions of the ieft and right lamina {i.e. the more sagittal the orientation of the distal
portions of the laminae). At the level of L3-L4 the facet joints and the laminae are
more sagittally orientated, while at L5-S1 they are more frontally orientated. The
vertebra! level L4-L5 is intermediate in its orientation. We could not find a satisfying
explanation for the fact that the highly significant positive correlation, as demonstrated
in the entire group, is less pronounced or absent at each of the separate vertebral levels.
A tentative hypothesis is given in the Epilogue (Chapter 9).

In conclusion, the transverse orientation of the caudad portions of the laminae
corresponds to the transverse orientation of the facet joints to a certain extent. It
should be noted that the caudad portions of the laminae are the sole buttresses for the
inferior articular processes of the facet joints, whereas the superior articular processes
are implanted on a much larger area of the vertebra. In addition, there is a remarkable
difference between the morphology of the cephalad and caudad portions of the lami-
nae.
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Chapter 6

The Lower Lumbar Spinous Processes -
Part I: Length.
its relationship with other morphological characteristics of the bony
neural arch

Lower lumbar .spinous process length has been measured and correlated with the orienta-
tion of laminae and facet joints in the transverse plane, as visualized with computed tom-
ography (CT). For the purpose of this investigation a definition of spinous process length
has been given. The spinous process of L3 is in mean 3.0 mm longer than that of L4, while
that of L4 is in mean 6.4 mm longer than that of L5. In the entire group of spinous pro-
cesses L3, L4, and 1.5, the lengths sl.j'v a highly significant correlation with the transverse
interlaminar angles (which, for this study, have been limited to the angles between the en it-
dad borders of the left and right lamina in the transverse plane): the longer the spinous
process, the more acute the transverse interlaminar angle < r= —0.58, p<0.0000l). At the
levels of L4 and L5 this correlation is less pronounced, while at the level of L3 there is no
statistically significant correlation. The correlation between the spinous process length
and the transverse interfacet-joint angle (= the angle between left and right facet joint in
the transverse plane) for the entire group is also significant (r= —0.47, p<0.00001), as
well as at each of the levels L3-L4 and L5-S1. At the level of L4-LS no significant correla-
tion is found. The axial images, as provided by CT, reveal particular morphological pro-
perties of these closely related structures at each of the three vertebral levels.

THE LOWER LUMBAR spincus processes have never been the subject of de'ailed in-
vestigation with regard to their morphology and biomechanical function. The

only function attributed to these processes is that they act as levers for muscular • ittach-
meni and action. It is generally accepted that the spinous process of L3 is the longest,
while those of L4 and L5 are progressively shorter (•,. These differences in length have
not been correlated with other morphological characteristics of the individual verte-
brae.

Computed tomographic (CT) sections are ideal for the obtaining of information on
spinous process length in relation to other determinants of vertebral morphology
which can be examined in the transverse plane (Fig. 6.1). All radiographic images
present a two-dimensional reproduction of a three-dimensional structure, which re-
sults in the information being limited. Compared with AP and lateral radiographs or
tomographs, the transverse CT sections provide new and important information. They
may reveal particular features of morphology which are less easy to perceive using
other radiological methods, even when examining isolated vertebrae. From Figure 6.1
it is apparent that CT images specifically reveal a close spatial relationship between the
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Figure 6.1. CT scan at the lower border of the laminae of L4, passing through the central parts of the spi-
nous process and the facet joints. The intimate spatial relationship between these structures is apparent
(see also Fig. 6.2).

spinous process, the laminae, and the facet joints; a relationship which is not so striking
when studying isolated vertebrae or vertebral columns, because they present a much
more complicated pattern. The technical image of CT is "more abstract in the sense of
a more explicit representation of something — a quality — removed from the object"
(2). With regard to the present subject (the spinous processes) one can imagine that
forces exerted upon those processes, for instance by muscular activity or by traction of
ligaments during motion, will be transmitted v/aboth laminae, to, amongst other struc-
tures, the facet joints. From this point of view, spinous process, laminae, and facet
joints form a morphological as well as a functional unit.

In previous chapters we have demonstrated significant differences in the orientation
of the facet joints at the various lower lumbar levels, and associated variations in the
orientation of the laminae. As the spinous proces: is a part of the unit described above,
we examined two properties of the spinous processes (length and deviation), in order
to discover whether there is any correlation between these properties and the var-
iations in morphology of the laminae and facet joints at the levels L3, L4 and L5.

In this chapter we have evaluated the lengths of the spinous processes of the verte-
brae L3, L4, and L5, in relation to the orientation of the laminae and facet joints in the
axial plane. In Chapter 7 we will describe spinous process deviation and possible asso-
ciated morphological asymmetries within the same motion segment.
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MATERIALS AND METHODS

We investigated 123 patients referred to the Department of Radiology at the
Utrecht University Hospital for CT scanning of the lumbar spine. Criteria for inclusion
of vertebral levels in the study were: (a) scanplane parallel to the vertebral endplates,
(b) symmetric positioning, (c) no previous operation, (d) no severe degenerative
changes, (e) no vertebral anomalies. A total number of 213 vertebral levels was stud-
ied: 71 x L3-L4,71 x L4-L5, and 71 x L5-S1. Patient age ranged from 15 to 74 years
(mean 41.4 years).

CT scans were obtained with a Philips Tomoscan 300 or 310 equipment, using a 3
mm or 4.5 mm beam collimation, a 4.5 mm table incrementation, and a FOV of 120
mm, or, in some patients, 160 mm.

Each motion segment was examined by a series of CT slices parallel to the inferior
vertebral endplate of the cephalad vertebra. In the present study the CT section
through the caudad parts of the laminae was used Frequently this slice level visualizes
the spinous process in its entire length, while it also passes through the central portions
of the facet joints (Fig. 6.2). However, in some cases the maximal spinous proces length
could be measured more accurately on a CT section located a few millimeters higher,
and in others the centers of the facet joincs were located slightly lower. In these cases
two or three of the serial CT sections were used for evaluation.

A detailed description of the patient selection and examination technique has been
given in Chapter 4.

Figure 6.2. The level of CT section used for the evaluation of spinous process, caudad borders of laminae,
and facet joints is indicated by a black line in this detail of a lateral radiograph of the lumbar spine.
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Parameters

Three parameters were used for evaluation: spinous process length, transverse in-
terlaminar angle (TILA), and transverse interfacet-joint angle (TIKA).

Spinous Process Length
Spinous process length was defined as the distance between the center of the spino-

laminar junction (= the junction of laminae and spinous process) and the tip of the spi-
nous process (Fig. 6.3). The center of the spinolaminar junction was determined by ad-
justing the ROI circle within the bony cortical margins of the spinolaminar junction.
This ROI circle, the diameter of which can be adapted, is a capability of the CT scanner,
which was primarily designed to determine the CT density of a particular ftegion Of
/nterest (ROI) in the CT image, but which can also be used to determine the centerota
region of interest, which we have done in our investigations. As mentioned above, the
CT scan which displayed the maximal length of the spinous process was chosen.

Trans verse Interlaminar A ngle (TILA)
The orientation of the left and right lamina in the transverse plane was determined

by a line through the center of the spinolaminar junction and the axis of the lamina on
both sides. The angle between these lines was called the transverse interlaminar angle
(TILA, Fig. 6.4). Theoretically this transverse interlaminar angle can be measured at
any levt! of the laminae from the cephalad to the caudad borders. However, measure-
ments at the cephalad and caudad borders are not the same. For practical purposes we
confined our measurements to the caudad borders of the laminae. For a detailed dis-
cussion see Chapter 5.

Figure 6.3. For the purpose of this study xpinousprocess length has been defined as tfw distance between
poinl A (the center of the spinolaminar junction, sec text), and point H (the tip of the spinous proeess).
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Transverse Interfacet-joint Angle (UFA)
The orientation of the facet joints in the transverse plane was determined by lines

drawn tangential to the anteromedial and posterolateral margins of the superior arti-
cular processes. The angle between the left and right lines was called the transverse in-
terfacet-joint angle(TIFA, Fig. 6.5). The transverse interlaminar and transverse inter-
facet-joint angles have been used in a previous study (reported in Chapter 5), but not in
conjunction with spinous p r o a Ü length.

Statistical data are given as group mean ± 1 standard deviation. The Student's Hest
was used to test the null hypothesis, which was rejected for all values of p<0.05. Correl-
ations were performed with a least squares linear fit.

RESULTS

The results of measurements and correlations are detailed in TABLHS 6.1 and 6.2.

Spinous Process Length

The mean values at the levels L3, L4, and L5 were 27.2 mm, 24.2 mm, and 17,8 mm
respectively, the differences between adjacent levels being statistically significant
(p<0.001). Thus the spinous process of L3 is in mean 3 mm longer than that of L4,

Figure 6.4. Determination of the transverse interlaminar angle ('1'll.A). The orientation of the lamina in the
transverse plane is defined by a line from the center of the spinolaminar junction through the eenter of the
narrowest portion of the lamina on both sides. The angle (it) between these lines was called the transverse
interlaminar angle (1I1.A).
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Figure 6.5. Determination of the transverse interfacet-joint angle (UFA). Lines are drawn bilaterally along
the anteromedial and poslcrolateral edges of the superior articular facets. The angle (| >) between these lines
was called the transverse interfacet-joint angle (TIFA).

TABLE 6.1: Summary of data

Spinous Process
Length in mm

TILA'
(degrees)

TIFA*
•(••legrecs)

L3

70

27.2 ± 5.0
15.0 - 38.6

91.2 ±8.8
6 4 - 1 1 3

74.2+ 18.3
34-114

Difference [ 4
L3/L4
«=54 « = 71

Difference L5
L4/L5
n = 47 « = 7 1

mean ± SD mean mean + SD mean mean + SD
min — max significance min — max significance min — max

3.0
/X0.001

8.2
/XO.OOI

22.2
p<0M)\

24.2 + 3.6
15.8 - 32.9

99.4 ±9 .1
7 8 - 120

96.4 + 20.4
5 9 - 150

6.4
/K0.001

17.1
p<0.001

9.8
jKO.001

17.8 + 3.7
8.4 - 24.5

116.5+ 12.6
75 - 143

106.2 ± 17.7
72 - 140

* I'll.A •= transverse interlaminar angle
UFA = transverse interfacet-joint angle
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while the spinous process of L4 is in mean 6.4 mm longer than that of L5. In Figure 6.6
the resulting values are graphically portrayed in the form of quintiles, which demonstr-
ate the shift in parameter values from L3 through L5.

TILA and TIFA

These parameters have been extensively described in Chapter 5. The data are only
reproduced here for comparison and correlation with spinous process length. The
mean values of the TILA and the TIFA increase from L3 downwards, as is apparent from
TABLE 6.1. The values are not represented graphically.

TABLE 6.2: Correlations of spinous process length with TILA and TIFA*

spinous process
length vs.:

TILA

IIKA

L3
n=70

r= -0.07
p<0.29
(NS)

r= -0.26
p<0.01

L4
n=71

r= -0.23
,p<0.03

r= -0.07
p<0.29
(NS)

L5
n = 71

r=-0.26
p<0.0l

r= -0.25
p<0.02

entire group
n=212

/•= -0.58
/K0.00001

r= 0.47
/K0.00001

* TII.A = transverse interlaminar angle
'J'lFA = transverse intcrfacet-joint angle

L3

L4

L5

20Z

'w

20-4 21

mm
üü

)•/. 207. 207.

10 15 20 25 30 35
SPINOUS PROCESS LENGTH m>

• MEDIfiN 20"/. MEOIfiN 60X | | EXTREME 20Z

Figure 6.6. Spinous process length for L3, L4, and L5. Bar graph shows the distribution of values in the
form of quintilcs. Each block (whether checkered, hatched, or white) represents 20% of cases at each se-
parate level. The shift of values from L3 through L5 is clearly shown.
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Figure 6.7. Plot shows the correlation between spinous process length (horizontal axis) and transverse in-
tcrlaminar angle (vertical axis), x = L3; • = L4; + = L5. The L3 vertebrae are concentrated in the right low-
er area, the L5 vertebrae in the left upper area. The L4 vertebrae occupy an intermediate position.

Correlations

At the level of L3 the correlation between the length of the spinous process and the
TILA is not significant ( r= -0.07, p<0.29) (TABLE 6.2). At L4 and L5 this correlation
is significant but the coefficient low (L4: r= -0 .23 , /?<0.03; L5: r= -0.26, /KO.O ]).
However, when L3, L4 and L5 are considered as a group, the correlation coefficient is
higher (r= —0.58) as well as the statistical significance (/K0.00001). The plot diagram
of this latter correlation is given in Figure 6.7. These data indicate: the shorter the spi-
nous process, the larger the TILA.

The results of correlations between spinous process length and TIFA are more or less
comparable to those between spinous process length and TILA. In this case the correla-
tion at the level of L4 is not significant ( r= — 0.07, p<0.29). At the levels of L3 and L5
the correlations are statistically significant, although the coefficients are fairly low (L3:
r = -0.26, p<0.01; L5: r= -0 .25, /?<0.02). As with the correlation between spinous
process length and TILA, the correlation coefficient of spinous process length with TIFA
in tho entire group of 212 vertebral levels is higher and more significant than at each le-
vel separately ( r= —0.47, /K0.00001, no plot diagram given). These results indicate:
the shorter the spinous process, the larger the TIFA.

The interpretation of these data will be dealt with in the next section.
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Figure 6.8. Typical differences in the configuration of spinous process, laminae, and facet joints, at the le-
vels of L3 and L5. a. L3 vertebra with a long spinous process, an acute transverse interlaminar angle, and a
more or less sagittal orientation of the facet joints (example from the right lower area of the graph in Hg.
6.7). I). L5 vertebra with a short spinous process, an obtuse transverse interlaminar angle, and more fron-
tally orientated facet joints (from the left upper area of Fig. 6.7).
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DISCUSSION

Our results regarding the length of the lower lumbar spinous processes are in agree-
ment with the reports of other investigators (1). The spinous process of L3 has the
greatest mean length, using our method of measurement it is 27.2 mm, while those of
L4 and L5 are 24.2 and 17.8 mm respectively. The spinous process of L3 is in mean 3.0
mm longer than that of L4, and the spinous process of L4 is in mean 6.4 mm longer than
that of L5.

A remarkable finding is the pronounced relationship between the spinous process
length and the transverse interlaminar angle (TlLA, = the angle between the caudad
portions of the left and right lamina in the transverse plane. In the whole group of three
levels, the correlation coefficient r is —0.58, with a very high degree of statistical signif-
icance (p<0.00001). This means that, as regards the vertebrae L3 through L5, the
shorter the spinous process, the greater the tendency towards a frontal orientation of
the laminae. Case examples of the extremes are shown in Figure 6.8. As is apparent
from these cross-sectional images, the bony structure formed by the spinous process
and the laminae can be considered as a "Y". The configuration of this "Y" at the level
of L3 (Fig. 6.8a) is markedly different from its configuration at the level of L5 (Fig.
6.8b). Although the correlation between spinous process length and TlLA in the entire
group is very pronounced, the correlation at each of the three separate levels is less so
(L4,L5) or even absent (L3).

In Chapter 5 we demonstrated a clear positive correlation between the TILA and the
transverse interfacet-joint angle) (TIFA, = the angle between left and right facet joints
in the transverse plane) ( r= 0.48, p<0.00001). In view of the aforementioned correla-
tion between TlLA and spinous process length, it seemed appropriate to correlate spi-
nous process length directly with TIFA as well. The results of these correlations are
comparable to those between spinous process length and TlLA. Within the entire group
of 212 vertebral levels the correlation coefficient between spinous process length and
TIFA is high ( r= —0.47) with a high degree of statistical significance (/K0.00001). This
indicates: the shorter the spinous process, the closer the orientation of the facet joints
to the frontal plane (see also Fig. 6.8). At each separate level the correlation coefficient
is significant but low (L3,L5), or not significant (L4).

These statistical data are striking. What is of principal interest is their interpretation,
either in morphological or biomechanical terms. Undoubtedly the selection of data is
appropriate. The question is whether the processing of data from the entire group of
three levels has led to meaningful correlations. In our opinion it has done so because
our findings are the result of multiple correlations between the variables studied, and a
number of other variables not analysed. In this respect we may refer to authors who
have shown definite gradual changes in biomechanical properties of the various lum-
bar intervertcbral segments from above downwards (1,3). The anatomy of the verte-
brae also exhibits gradual changes (1,3,4). There is a possibility that other variables in
the transitional morphology, not included in our investigations, may have influenced
the outcome of our statistical analyses. One possibly significant variable not analysed
may prove to be the height of the patient. This probably influences spinous process
length, but does not necessarily influence the transverse interlaminar and transverse
interfacet-joint angles. However, we did not have the opportunity to include this var-
iable in our investigations.
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In conclusion: this study has shown certain morphological relationships between
the spinous processes, laminae and facet joints of the three lower lumbar vertebrae, as
visualized in the transverse plane.
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Chapter 7

The Lower Lumbar Spinous Processes -
Part II: Deviation.
the absence of association with other morphological asymmetries
within the same motion segment

Lower lumbar spinous process deviation has been subdivided into three categories accord-
ing to the possible causative mechanisms, Spinous process deviation as a result of scoliosis
or degenerative rotation of a vertebra has not been included, since our study was limited to
the examination of single motion segments. Our material failed to show any evidence that
asymetries within the same vertebra or motion segment, i.e. asymmetries in laminar length
and orientation, and in facet joint orientation, were ever a cause of spinous process devia-
tion. Isolated or primary deviation appears to be the only mechanism in our series. It is de-
monstrated that the oval shadow cast by the spinous process in AP radiographs is not
caused by the base, but by the tip. Therefore, lateral displacement of this shadow in an AP
radiograph is not a reliable guide for distinguishing between the three possible types of spi-
nous process deviation. This is only possible by means of a CT examination.

IN SOME CASES marked lateral deviation of one or more spinous processes is found in
AP radiographs of otherwise normal lumbar spines. The mechanism of this ano-

maly has been interpreted in various ways. Theoretically, spinous process deviation
may be the result of several mechanisms:

1. It may be the consequence of rotation of the entire corresponding vertebra or
motion segment around its longitudinal axis as a result of degenerative processes or
scoliosis. Farfan (1) used the relationship of the spinous processes to the articular fac-
ets or pedicles to estimate the degree of vertebral rotation. In our patients we have net
encountered any case of vertebral rotation as described by Farfan, which may be due to
the fact that cases of degenerative osteoarthritis have been excluded from our series.

2. Some authors are of the opinion that spinous process deviation may be the result
of the two laminae differing in length (1-6).

Apart from these two theories of the causation of what may be called secondary spi-
nous process deviation, there is a third possibility to be considered, namely:

3. Spinous process deviation unrelated to any obvious associated factors, with nor-
mal midline implantation of the base of the spinous process on the vertebral arch. We
call this primary or isolated spinous process deviation.

Before any further discussion of spinous process deviation diagnosed from AP radi-
ographs, it is of prime importance to determine the exact nature of the familiar oval
shadow cast by the spinous process in an AP view. Most authors estimate the degree of

83
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7.1. Craniocaudad radiognij ' ->f an anatomic specimen of a lumbar vertebra, with the X ray beam
parallel to the laminae. The base of tlie spinous process has been wired.

I ijjure 7.2. Radiographs of the vertebra shown in hig. 7.1. a. AP projection, symmetric positioning of the
vertebra. The wire surrounds the oblong shadow of the spinous process but at some distance from it on eith-
er side. I). Same direction of X ray beam, vertebral body slightly rotated to the right (spinous process sha-
dow displaced to the left). Due to paralactic shift the distance between the wire and the shadow of the spi-
nous process is increased on the right, whereas it is decreased on the left.
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l'ijjuro 7.3. Lateral radiograph of an isolated lumbar vertebra, wired al the lip of the spinous process

Figure 7.4. Radiographs of the vertebra shown in Fig. 7.3. The wire closely surrounds the ohtong spinous
process shadow both with the vertebra in a symmetric AP position (a), and with the vertebra slightly rotat-
ed (bV

vertebral rotation by measuring the lateral displacement of this shadow with respect to
the pedicles or lateral borders of the vertebral body, thereby implicitly assuming that it
represents the base of the spinous process. In order to verify i he validity of this assump-
tion we have carried out some in vitro tests with wired anatomic specimens of lumbar
vertebrae (Figs. 7.1-7.4). First we wired the base of the spinous process just posterior
and lateral to its junction with the laminae (the spinolaminar junction) (Fig. 7.1). An
AP radiograph of this specimen shows the wire surrounding the oval shadow, but at
some distance from it on either side (Fig. 7.2a). After a few degrees of rotation (along
the Y axis), the oval shadow shows a paralactic shift in relation to the wire: the right part
of the wire (representing the right side of the base of the spinous process) is now at a
greater distance from the right side of the oval shadow, whereas the left pai i of the wire
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is seen superimposed upon the oval shadow (Fig. 7.2b). In the second test we wired the
tip of the spinous process (Fig. 7.3), and radiographed the specimen in the same pro-
jections (Fig. 7.4). Now the wire is seen to surround the oval shadow both in the AP
and in the rotated views. These simple tests demonstrate unequivocally that it is not the
base of the spinous process that is visualized in AP radiographs but its tip, and probably
the adjacent posterior part of the spinous process also. The explanation for these find-
ings will be given in the discussion at the end of this chapter. An important consequ-
ence of this finding is that the oval shadow cast by the spinous process is a totally unreli-
able reference for determining vertebral rotation, or pathological asymmetry of the
neural arch, because it can equally well be due to isolated spinous process deviation
(type 3, see above). We must therefore conclude that AP radiographs are inadequate
for the differentiation of the three types of spinous process deviation. Theoretically,
the rotation of an entire vertebra could be recognized in the AP radiograph by a dis-
placement of the pedicles relative to the lateral borders of the vertebral body. Since we
have excluded true vertebral rotation from our cases, we have no personal experience
of this.

As emphasized in the previous chapter, CT provides an excellent means of obtain-
ing cross-sectional images of the lower lumbar spine. Deviation of the spinous pro-
cesses, as well as asymmetries in length and orientation of the laminae and in orienta-
tion of the facet joints, are clearly visualized and easily quantified. The present study
has been undertaken in order to investigate the incidence of spinous process deviation
and its possible correlation with other asymmetries within the same motion segment
(types 2 and 3, mentioned above).

MATERIALS AND METHODS

For information regarding patient population, scanning equipment and examina-
tion technique, the reader is referred to the previous chapter. The same CT sections
have been used for both studies.

Parameters

Parameters have been de /eloped for quantifying the orientation of the spinous pro-
cesses, laminae, and facet joints in the transverse plane. For this quantification the de-
termination of a reproducible midsagittal reference line was essential. Some of the par-
ameters have also been used in previous chapters.

Midsagittal line
For the evaluation of symmetry or asymmetry of the bony structures under consid-

eration, the determination of a standardized frontal or midsagittal plane is of obvious
importance. This determination, however, always remains somewhat arbitrary. We
have found the following reference system most helpful. The midsagittal line is deter-
mined by establishing the center of the spinolaminar junction and the center of the
vertebral body (Fig. 7.5). The center of the spinolaminar junction is found by using the
circle capability of the scanner, and adjusting the circle diameter to fit within the bony
confines of the spinolaminar junction. The center of the vertebral body is determined
in an analogous way, i. e. by ensuring that the lateral borders of the circle are at approxi-
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Figure 7.5. Determination of a midsagittal reference line (a). The line is drawn through the center of the
vertebral body or disk (A), and the center of the spinolaminar junction (H). For explanation see text.

Figure 7.6. Measurement of spinousprocess deviation. The angle << indicates the deviation of the spinous
process from the midsagittal line.
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mately equal distances from the left and right borders of the vertebral body. The mid-
sagittal lineis drawn by connecting the centers of both circles. This method is easily re-
producible.

Spinous Process
Spinous process orientation was determined by drawing a line from the center of the

spinolaminar junction to the tip of the spinous process, through the spongiosa of the
spinous process (Fig. 7.6). The deviated spinous process was never curved enough to
cause this line to fall outside the spongiosa of the spinous process. Therefore this line
adequately defines the orientation of the spinous process in the transverse plane. No
local deformities were observed, except one case with a lateral exostosis of a spinous
process (not shown). The angle between the line through the spinous process and the
.nidsagittal line was taken as the spinous process deviation. Deviation to the right was
indicated with a plus sign, deviation to the left with a minus sign. It might be wondered
whether deviation of a spinous process would be accompanied by deviation of the mid
sagittal line, since one of the two point used for the determination of this line is consti-
tuted by the center of the spinolaminai j unction, which includes the base of the spinous
process. In our material, however, no deviation of the midsagittal line was found, even
in cases with marked deviation of tne spinous process. This conclusion is based on the
visual impression that the quarters into which the vertebral body or disk was divided by
the midsagittal and midtransverse lines, were roughly symmetrical. It must be noted

Figure 7.7. The angles « and |i represent the orientation of the lett and right laminae in the transverse plane
(the left and right transverse laminar angles), the distances a and b represent the left and right laminar
lengths. Combination of the angles« and \\ forms the transverse interlaminar angle (TII.A, see Chapters 5
and 6).



Spinous Process Deviation 89

that the vertebral bodies in our material only showed minor asymmetries. Therefore
the midsagittal line can be considered to be the most reliable reference possible for the
purpose of this investigation.

Laminae
The orientation of the laminae was found by drawing a line between the center of the

spinolaminar junction and a point situated in the center of the narrowest part of the
lamin?*' spongiosa, on both sides (Fig. 7.7). The angles between these lines and the
midsagittal line were called the left and right transverse laminar angles. The summation
of the left and right transverse laminar angles produces the transverse /«/eHaminar
angle (TILA) which is one of the parameters used in Chapters 5 and 6. The distance
from the center of the spinolaminar junction to the articular surface of the inferior arti-
cular facet was called the left or right laminar length.

Facet Joints
Facet joint orientation was determined by drawing a line from the anteromedial to

the postcrolateral edge of the superior articular facet on each side (called the facet line
in Chapter 2, Fig. 7.8). The angle between this line and the midsagittal line was called
the left or right transverse facet joint angle. The summation of the left and right trans-
verse facet joint angles produces the transverse /«wrfacct-joint angle (TIFA, Chapters 5
and 6).

Fifture 7.8. The angles y and f> represent the orientation ot the left and right facet joints in the transverse
plane (the left and right facet joint angles). The combined angles y and ft form the transverse interfacet-
joinl angle (IIHA, Chapters 5 and 6).
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Symmetry/asymmetry
Symmetry or asymmetry of laminae and/or facet joints was calculated by subtract-

ing:
1. the right transverse laminar angle from the left
2. the right laminar length from the left
3. the right transverse facet joint angle from the left.
Each of these three differences in values was examined for a possible correlation

with the deviation of the spinous process, in order to elucidate possible relationships
between spinous process orientation and the asymmetries mentioned.

Measurements were made from the hard copy images.
The acquired data were analysed with Student's / test and the least squares method,

using BMDP and SPSS statistical programs.

RESULTS

Measurements ( T A B U 7.1)

The range of spinous process deviation is slightly greater at L3 (—13° — h 14°, i.e.
from 13° on the left through 14° on the right, with an 5Dof 4.6°), than at L4 (—9° — +8°,
SD=4A°) and L5 (—10° — +11°, SD= 3.9°). Examples of spinous process deviation
are given in Figure 7.10.

The range of the differences in the laminar lengths greater at L5 (—4.3 — +4.3 mm,
SD= 1.9 mm) than at L3 (-2.9 mm — +2.8 mm, SD= 1.1 mm) and L4 (-2.9 mm —
+2.9 mm, SD = 1.6 mm).

The differences in the transverse laminar angle at the three levels are not significant.
The mean difference in the transverse facet joint angulation at the level of L3-L4 is

2.0°, and at L4-L5 2.7°, which indicates that at these levels the right facet joint is (in

TABU: 7.Ï: Summary of data

spinous process devia-
tion (degrees)

difference in laminar
lengih (mm)

difference in laminar
angulation (degrees)

difference in facel
joint angulation
(degrees)

L3

« = 7 1

mean
min -

0.1 +
- 1 3 -

0.0 +
-2 .9

0.6 +
- 1 2 -

2.0 +
- 1 2 -

+ SD
- max

4.6
-+14

I.I
- + 2 , 8

5.6
- + 1 7

6.5
-+23

Difference
L3/L4
« = 54

signif.

/K0.67
(NS)

p<0.H4
(NS)

p<O.I3
(NS)

/K0.79
(MS)

L4

«=71

mean ± SD
min — max

-0 .6 + 4. ]
- 9 - + S

-0.0 + 1.6
-2.9 - +2.9

-0.1+4.2
- 1 4 - + 8

2.7 + 7.0
— 14 —(-19

Difference
L4/L5
« = 47

signif.

p<0.01
(NS)

p<0.(>8
(NS)

p<0.X4
(NS)

p<0.09
(NS)

1.5

« = 7 1

mean ;
min —

0.6 + 3
- 1 0 -

0.1 i 1
-4.3 -

-0.2 ±
-15 -

-0 .6 1-
- 3 5 -

t Si)
max

.9
+ ll

.9
+4.3

5.2
+ ll

«.9
+21
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mean) orientated slightly closer to the sagittal plane than the left. The range of differ-
ences in facet joint angulation is greater at L5-S1 (—35° — +21°, SD= 8.9°), than at L3-
L4 (-12° - +23°, 5D= 6.5°) and L4.L5 (-14° - + 19°, SD= 7.0°). An example of a
great difference in facet joint angulation (or marked facet asymmetry) is shown in Fig-
ure 7.9.

Figure 7.*). Pronounced asymmetry in facet joint orientation. The left facet is close to the sagittal plane, the
right facet is close to the frontal plane. No deviation of the sptrtous process.

TABU; 7.2: Correlations

spinous process
deviation l'.v.:

difference in
laminar length

difference in
laminar angle

difference in
facet ioint angle

U
/;= 71

r=0.2S
p<0.()2

r=-0.11
/?<(). 19
(MS)

r= -0.09
p<0.22
(MS)

1.4
H = 71

/-̂  0.17
p<Q.0X
(MS)

r=-0 .16
p<().()9
(M.S)

r=().()2
p«K45
(MS)

1.5
« = 71

r= 0.00
p<0.5l>
(MS)

r=-0.I7
;K0.07
(MS)

ƒ••= 0 . 1 0
/>«).! 9
(MS)
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Correlations (TABLE 7.2)

The correlations examined between spinous process length and differences in lami-
nar length, transverse laminar angle, and transverse facet joint angle yield only one
which is of statistical significance: at the level of L3-L4 the spinous process length
show's a significant correlation with the difference in laminar length ( r = 0.25, /?<0.02).
This means that when the spinous process of L3 is deviated to one side, there is a slight
tendency for the contralateral lamina to be longer than the ipsilateral one. However,
the importance of this finding is doubtful, as will be discussed in the next section.

DISCUSSION AND CONCLUSIONS

The range of spinous process deviation is greater at L3, than at L4 or L5.
The range of differences in laminar length is greater at L5, than at L3 or L4.
The mean difference in transverse facet joint angulation at the level of L4-L5 is

+2.7°. This indicates that at this level the right facet joint (in mean) tends towards a
more sagittal orientation than the left. This is in accordance with our previous study of
facet joint orientation (see Chapter 2), although there the mean difference reported
was higher (3.8°). At the level of L5-S1 no statistically significant difference was found
between the angulation of the left and right facet joints in this study, whereas in Chap-
ter 2 the difference was small, but significant (mean value 2.1°, the right joint being
more sagittally orientated than the left). These minor discrepancies may be due to the
fact that in Chapter 2 we used another reference system and another patient popula-
tion. We do not propose to elaborate this subject further, because it is of no importance
for the purpose of the present investigation (spinous process deviation). At the level of
L3-L4 the right facet joint is (in mean) also orientated slightly closer to the sagittal
plane than the left. The range of differences is greater at L5-S1 than at L3-L4 and L4-
L5.

In the introduction to this chapter we subdivided spinous process deviation accord-
ing to three possible causative mechanisms:

1. Spinous process deviation as a result of rotation of a whole vertebra or motion
segment. As stated earlier, this has not been observed in our series, since cases of de-
generative joint disease were excluded.

2. Spinous process deviation brought about by differences in length or orientation
of the laminae, or orientation of the facet joints. In our series, we have not found this
mechanism to be a cause of spinous process deviation. Our attemps to correlate spi-
nous process deviation with other asymmetries within the same motion segment has
yielded only one statistically significant relationship: at the level of L3-L4 there is some
indication that when the spinous process is deviated to one side, the lamina on the con-
tralateral side is longer. This is, however, a very loose correlation, and probably of no
practical importance, particularly in view of the fact that at the level of L4-L5 the
correlation coefficient is negative (instead of positive at L3-L4), and not statistically
significant.

3. Spinous process deviation as an isolated phenomenon we have called isolated or
primary deviation In these cases the base of the spinous process is in its normal midsa-
gittal position and no associated asymmetries in the motion segment are found. This is
the only type of spinous process deviation encountered in our material.
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Figure 7.10. Examples of isolated deviation of the spinous process in two patients.
a-c. Patient 1. a, AP radiograph shows displacement of the oblong shadow of the spinous process of 1.3
towards the right. The displacement of the lower part of the spinous process is more pronounced than of the
upper part. b. CT scan at the level of the upper portion of the L3 spinous process shows primary (is< lated)
deviation of the spinous process towards the right, c. CT scan through the inferior portion of the same spi-
nous process shows more marked deviation. The difference in the degree of deviation of the upper and
lower parts of the L3 spinous process, seen in the AP radiograph, can be more exactly measured in the CT
scans.

Illustration continued on the next page.
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l;i)>iirt' 7.111. Continued

tl-1'. Calient 2. tl. A l ' view shows displacement ol I he spinoiis process shailims i>l' 1.3 UIKI 1.4 umiirds Ihf
ri j i l i l . ("I scii i i, lhrouyh ihcspiiuiusprocess.nl 1.3 (o)ami 1.4(I')show ihcpivscnccol isohncJspinmis pio-
ccssilcvialion al hoth levels. 'Iliedisplaeemenl orthespinous processesol'l.3 aiul 1.4 in ihe Al 'rai l ioi !raph
eoukl be erroneously diagnosed as hcinti due lo verleliral lolation.
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Utilizing wired specimens of lumbar vertebrae, we demonstrated that the oblong
shadow cast by the spinous process in AP radiographs is caused by the tip, and not by
the base. Lateral displacement of the spinous process shadow in AP radiographs (pro-
vided that the films are technically adequate and there is no accompanying scoliosis) is
therefore an unreliable indication of rotation or of abnormalities of the other bony
components of the vertebra or motion segment involved, since it may equally well be
caused by isolated deviation of the spinous process. The explanation for the fact that
the base of the spinous process is not visualized in AP radiographs may well be the
same as the one described in Chapter 3 for the incomplete or absent delineation of the
lateral borders of the L5 vertebral body and pedicles. The bony cortical margin of the
spinous process base in the region of its bilateral j unction with the lamina runs oblique-
ly to the AP X ray beam, and is therefore not caught tangentially (see, for example,
Figs. 7.5 and 7.6). The posterior portion of the spinous process, including the tip, is
orientated more or less parallel to the X ray beam and thus casts a delineated shadow in
the radiograph. In Fig. 7.10 examples are shown of lateral displacement of the oval
shadow of the spinous process in AP views, along with CT scans showing isolated devi-
ation of the spinous process without associated asymmetries of the vertebra.

We have been unable to arrive at the problem of the origin of isolated spinous pro-
cess deviation. The results of our investigations indicate that it is not the consequence
of other vertebral abnormalities. If it is an inborn or acquired growth disturbance, or a
response to extravertebral factors such as influences exerted by the attached spinal
muscles and/or ligaments, these remain unidentified.
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Chapter 8

Summary of Conclusions

IN ORDER TO PROViDK the reader with a global orientation the conclusions drawn
from the preceding chapters are summarized here.

Chapter 1. This thesis is concerned with a cross-sectional morphological analysis
of certain structures contained in the bony portion of the motion segments between L3
and S1, the vertebral bodies included. Measurements of lengths and angles were based
on the use of constant reference points, which permitted comparative studies. Refe-
rence points were selected which were sufficiently well defined as to avoid gross errors
in measurements. In each of the following chapters the reference point for structures
under examination are given.

Chapter 2. The facet joints of L4-L5 form a slightly greater angle with the frontal
plane than do the facets of L5-S1, while their joint surfaces show a more pronounced
curvature. Asymmetries in facet joint orientation of more than 10° are infrequent. No
definite correlation was found between facet joint asymmetry and the side on which
disc protrusion occurred.

Chapter 3. The lateral borders of the vertebral body of L3 are well visualized in AP
radiographs, as well as the entire circumference of the pedicles. The bony cortical mar-
gins of these structures are more or less orientated in a sagittal direction, and are there-
fore caught by the X ray beam tangentially over the major part of their length. This tan-
gential projection results in a sharp definition of these margins. The same holds for the
majority of L4 vertebrae. In exceptional cases the body of L4 assumes a shape which
resembles the body of L5. At the ievel of L5 (he lateral surfaces of the body, as well as
the pedicles, gradually diverge in the AP direction, so that the AP X ray beam does not
pass tangentially through any lengthy area of cortical bone. The pedicles have an obli-
que course and are fused with the strongly developed transverse processes at this level,
without any separate cortical interface between these structures being present. There-
fore the lateral borders of the vertebral body and pedicles of L5 are not visualized in the
AP radiograph. The fact that the non-visualization of the lateral borders of the L5 body
and pedicles in AP radiographs has never attracted attention in the radiologie literatu-
re is interpreted by means of some properties peculiar to the neurophysiology of Ge-
stalt perception (pattern recognition).

Chapter 4. Reference data are given regarding the minimal midsagittal and mid-
transverse diameters of the vertebral bodies L3, L4, and L5. The mean midsagittal dia-
meters are: L3: 34.0 mm; L4: 35.2 mm; and L5: 35.9 mm. The mean midtransverse
diameiers are: L3: 43.7 mm; L4: 45.0 mm; and L5: 47.9 mm. In addition, Chapter 4
presents a statistical evaluation of the morphological properties described in Chapter
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3. To this purpose, the variation in shape of the lateral borders of the vertebral bodies
was quantified by applying tangential lines to their surfaces, and measuring the angle at
their intersection. This angle was called the transverse inter'angential angle. Depen-
ding on the location of the intersection, in front of, or behind, the vertebra, the angle
was labelled with a plus or a minus sign. The lateral borders of L5 diverge in the AP di-
rection, resulting in a positive value for the transverse intertangential angle. The lateral
borders of L4 are orientated more or less sagittally, which is expressed by a low positive
or a low negative value for the transverse intertangential angle. The posterior halves of
the lateral borders of L3 usually are convergent in the AP direction, which results in a
negative transverse intertangential angle in most cases. Statistically, the differences
were highly significant.

Chapter 5. In the presence of more sagittally orientated facet joints, the angle be-
tween the caudad parts of the laminae in the transverse plane is acute: this configura-
tion is seen most frequently at the level of L3-L4. With more frontally orientated fa-
cets, the angle between the caudad parts of the laminae is obtuse: this is most frequent-
ly observed at the level of L5-S1. The level of L4-L5 represents an intermediate posi-
tion in this respect. It is stressed that the caudad parts of the laminae, which form an an-
gle with each other in the transverse plane, are morphologically different from the cep-
halad parts, which present a more accurate configuration. The inferior articular pro-
cesses are situated at the caudad extremities of the laminae which may be considered as
buttresses for the inferior articular proce sses. The superior articular processes are im-
planted on the pedicles, the partes interarticulares and adjacent portions of the lami-
nae, providing a much more massive bony base.

Chapter 6. Of the vertebrae L3, L4, and L5, the spinous process of L3 has the
greatest mean length, and that of L5 the least. In the entire group of vertebrae L3, L4,
and L5 a close correlation was found between the spinous process length and the angle
between the caudad parts of the laminae, as well as between spinous process length and
facet joint orientation. At each separate level these correlations are less pronounced or
not significant.

Chapter 7. Radiographic analysis of wired specimens of lumbar vertebrae showed
that the shadow cast by the spinous process in the AP projection corresponds with its
posterior portion (including the tip). This is an important finding in connection with
the differential diagnosis between isolated spinous process deviation and deviations as
a result of rotation of the entire vertebra or, in rare cases, asymmetry of the neural arch.
No reliable distinction can be made between the various kinds of spinous process de-
viation based on AP radiographs alone. No correlation was found between spinous
process deviation and asymmetries in facet joint orientation or orientation and length
of the caudad parts of the laminae. It is concluded that spinous process deviation is not
associated with morphological asymmetries within the same motion segment, so that
deviations found must be the consequence of other, possibly extraneous, influences.



Chapter 9

Epilogue

IT WOULD SEEM appropriate at this point to make some remarks about the problems
and limitations of the investigations described in this thesis.

The criteria by which specific vertebral levels arc selected for study i^ust be very
stringent. The plane of CT section should be parallel to the vertebral endplates in order
not to introduce inaccuracies due to oblique scan planes. This means that the sections
should be checked for correct positioning in both frontal and lateral directions. We
routinely make a lateral scanogram (scout view), and determine the scan plane in this
image, which ensures accurate angulation of the plane of section. Theoretically it
would add to the precision if our examination if a frontal scanogram was made as well,
in order to check asymmetries in patient positioning or the presence of scoliosis. For
routine clinical examinations, however, this was not feasible since it is a time consu-
ming procedure, exposes the patient to a higher radiation dose, and is not necessary for
diagnostic examinations. Therefore patients with scoliosis or lateral deviation of the
spine were not included. In other patients the CT scans could adequately be checked
for symmetry by ascertaining whether the sections at the lower border of the pedicles
were at the same level or not. Cases in which the scan plane was not optimal were exclu-
ded from the study.

Self criticism. Every author must be aware of imperfections in hi^ research, ; d
should justify their presence if, for some reason, they could not be avoided. Shortcom-
ings may be overt, bui the author may also be aware of weaknesses in his work, which
may be less apparent to the reader but which form what Medawar calls: "the hidden
fraudulence of scientific papers" (1).

All our patiens were adults (with the exception of one patient of 15, one of 17, and
one of 19 years of age), therefore bone growth was completed, but they differed from
each other in a number of ways which resulted in a certain heterogeneity of case materi-
al. Some of these differences may involve the vertebrae, such as for instance those of
race, sex, and height. Differences in the height of individuals may be accompanied by
differences in the height of their vertebrae. People with bulky skeletal bones may show
a greater circumference of the vertebral bodies than individuals with tiny skeletons.
Such factors are a problem in anthropometric research. The differences mentioned
above do not necessarily involve disproportionate growth, affecting for instance the
ratio £ j | ^ , the transverse intertangential angle, or the relationship between spinous

process length and transverse interlaminar angle. Selection of individuals of the same
height or the same bulk of skeletal bones was not possible. A population of mainly
Dutch Caucasians was used for our investigations, the number of other races included
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was very small. In the preceding chapters we have not subdivided the sexes in our mate-
rial. Obviously there is an interrelationship between form and function, and our inves-
tigations were aimed at detecting possible common characteristics of proportion in the
architecture of the bony motion segments. For this purpose, males and females do not
need to be subdivided since they have in common the basic functions of the spine.
However, it seems likely that differences between males and females exist in the
lengths and diameters of single structures examined in this thesis. The question is whe-
ther the relationship between various structures as expressed in ratio's and correla-
tions, and their position and shape as expressed in angles, display any sexual differen-
ces. In order to answer this question, we have subdivided males and females, and have
calculated the possible significance of the differences. The findings have been reprodu-
ced in the Addendum.

The measurements in this study were carried out by the author. This is possibly a limi-
tation. Obtaining the data, including patient selection (only about one out of four of
our total patient material fulfilled the stringent criteria mentioned above) and printing
the images on the viewing console, took more than half a hour for each vertebral level.
Since the possibility of a systematic intra-observer error could not be completely exclu-
ded, samples of the measurements were tested at random by Dr. Verbiest. No differen-
ces of any importance were found.

Interpreting the results of statistical analyses may sometimes be difficult. The para-
meters described in the previous chapters reveal a number of statistically significant
differences in the morphology of the various lower lumbar vertebral levels when these
are compared. The relationships of some of these parameters have been determined
separately in each of the vertebral groups L3-L4, L4-L5, and L5-S1, and also for the
entire group. As mentioned before, some of these correlations were significant at each
separate level, as well as in the entire group, while others were significant in the entire
group, but not at each separate level. The interpretation of these findings is difficult. A
tentative hypothesis is given in Chapter 6. It is thought that non-identified heterogene-
ous factors, as mentioned in Chapter 6, may have influenced these as yet inexplicable
findings. These problems are not an argument against our choice of structures measu-
red and the search for possible correlations, because the structures chosen form the ba-
sic elements of the architecture of the bony part of the motion segment. A number of
findings in our quantified analyses, showing differences in morphology at the three lo-
wer lumbar vertebral levels, may be of interest for biomechanical research, and may
also contribute to investigations of the developmental aspects of the morphology and
pathology of the spine. The very inconsistency of some of our findings is a stimulus to-
wards further investigation, since there is no reason to label them as "non-sense" fin-
dings.

The pedicles were the only portions of the motion segment whose lengths could not
be measured, because of their gradually curved transition to the vertebral bodies and
the adjacent posterior vertebral structures. Therefore it was impossible to place uni-
versally recognizable reference markers, which would provide reliable comparative
measurements. In addition, the anteroposterior diameters of the lumbar pedicles are
greater at their inferior than at their superior borders. The inability to measure the pe-
dicles exactly is unfortunate, since differences in length between left and right pedicles
may be important from a biomechanical point of view. In Chapters 3 and 4 we have
paid attention to other properties of the pedicles such as differences in the site of their
implantation upon the vertebral bodies and in the direction of their axes in AP radio-
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graphs and CT scans. The resulting findings were important for the interpretation of
the AP radiographs.

The investigations reported in the preceding chapters represent no more than a se-
lection of the many possible studiesotcomputed tomographic cross-sectional morpho-
logy of the lumbar vertebrae which exist. As mentioned earlier, mainly topics have
been chosen which may be more ct less directly related to the biomechanical proper-
ties of the lumbar spine. It was not possible with the available apparatus, however, to
check possible biomechanical correlates.

Throughout this thesis we have stressed the importance of our findings in relation to
biomechanical research without further elaboration of this aspect. This invites a query
concerning the precise benefits which biomechanical research may gain from our in-
vestigations. For those unfamiliar with the morphology and biomechanics of the lum-
bar spine, we will give a simple explanation. The intervertebral (facet) joints of the
lumbar spine are the most important determinants of the mobility range of the various
motion segments. These joints guide and limit the movements of these segments. Obvi-
ousiy, the orientation and shape of the facet joints will have a profound influence on the
mobility range of the motion segments. For instance, sagittally orientated facet joints
will allow a greater flexion/extension range, but will limit movements in the lateral di-
rection. Frontally orientated facets will allow a greater range of lateral bend and axial
rotation, while limiting flexion and extension mobility. These differences in biomecha-
nics have already been investigated, but not in close conjunction with the morphologi-
cal differences. Spinous process length is a factor in their biomechanical function as le-
vers. This is of practical importance in surgery for spinal fusion (2). Again, we do not
wish to go into great detail, since this is a thesis dealing with morphology and not with
biomechanics. Biomechanical research requires a theoretical background, methods,
and experimental settings which have very little in common with those of morphologi-
cal research. The biomechanical investigator who is familiar with the very difficult area
of the lumbar spine, and who wishes to base his research on detailed morphological in-
formation, will find starting points in our investigations from which he can direct his
studies, just as we found possibilities for morphological research in earlier biomechani-
cal work, together with a new imaging modality. It is evident, however that further re-
search into both morphology and biomechanics will be necessary before our morpho-
logical findings are of direct practical importance to biomechanic.

To our astonishment some of the morphological findings described in this thesis
proved to be of immediate practical importance because they resulted in more accura-
te interpretation of AP radiographs of the lumbar spine. Since these findings were not
specifically sought for, they may be considered as serendipitous findings (see also
Chapter 1):

/. The CT analyses contributed to the identification of typological differences in the
shapes of the third, fourth and fifth lumbar vertebrae. These fwdings may be helpful,
amongst otheï things, in the study of variations in the lumbosacral junction, such as
complete or partial lumbalization and sacralization.

2. The demonstration of the failure to delineate the lateral borders of the body of L5
and its pedicles is of diagnostic importance since, for example, pathological processes
in the area of th^se borders may not be visualized in the AP radiograph.

3. The analysis of the oblong shadow cast by the spinous process in AP radiographs
revealed that this shadow did not represent the base of the spinous process at the spino-
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laminar junction, as assumed by many authors, but its posterior portion (including the
tip). This finding is of great practical importance, since lateral displacement of this oval
shadow is no proof of rotation of the entire vertebra or, more rarely, of the neural arch,
because it may equally well be observed in patients with isolated deviation of the spi-
nous process.

We are aware that this is an open-ended study, since there rema in many other featu-
res to be investigated, such as:

— the cross-sectional configuration of L5 related to the position of L5 with respect
to the iliac crests (i.e. a high versus a deep situation of L5).

— the cross-sectional morphology of transitional vertebrae at the lumbosacral
junction.

— the relationship between the shape of the craniad and caudad parts of the lami-
nae.

— further clinical correlation of the morphological findings, especially with regard
to disc protrusion, disc degeneration, and osteoarthritis of the intervertebral joints.

— extension of the study to higher lumbar and thoracic levels.
— the diameter and configuration of the vertebral canal at the various levels, rela-

ted to pedicle length and size of the vertebral bodies. The latter, especially, requires in-
vestigation with regard to the Jones and Thomson Index and stenosis of the vertebral
canal.

— the diameter and configuration of the lateral recesses and root canals.
— the orientation of the facet joints in the presence of lateral recesses or of stenosis

of the lumbar vertebral canal.
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Samenvatting

IN DIT PROEFSCHRIFT wordt een aantal onderzoeken beschreven naar aspecten van
de morfologie van de onderste drie lumbale wervels in het transversale vlak.

Lage rugpijn is een veel voorkomend probleem, met aanzienlijke medische en
maatschappelijke consequenties. Er wordt, zowel klinisch als fundamenteel, veel on-
derzoek verricht naar de oorzaken van lage rugpijn. Het fundamentele onderzoek naar
de oorzaken van rugklachten heeft zich voornamelijk gericht op de biomechanische ei-
genschappen van de lumbale wervelkolom, terwijl aan de morfologie relatief minder
aandacht is besteed. Voor een goed begrip van de biomechanica is echter kennis van de
morfologie van de betreffende strukturen van wezenlijk belang. Kennis van morfolo-
gie en biomechanica leiden op hun beurt weer tot een beter inzicht in de pathogcnetica
van de lumbale wervelkolom.

De computertomografie (CT) biedt een geheel nieuwe mogelijkheid om de morfo-
logie van de lumbale werveis te bestuderen, namelijk de morfologie zoals deze in beeld
komt op dwarsdoorsneden. Vroeger onderzoek van de lumbale wervelkolom is voor-
namelijk uitgevoerd op losse wervels en op röntgenfoto's, en in mindere mate op ana-
tomische preparaten. Deze methoden hebben alle hun beperkingen. CT heeft uiter-
aard ook beperkingen, doch de morfologie in het transversale vlak komt met deze me-
thode ongetwijfeld het best in beeld. Het onderzoek vormt dus een belangrijke nieuwe
bijdrage, vooral tot de studie van de morfologie gedurende het leven.

De hier beschreven onderwerpen betreffen voornamelijk fundamenteel morfolo-
gisch onderzoek, hoewel de gegevens afkomstig zijn van patiënten die onderzocht wer-
den in verband met lage rugpijn. Op ethische en economische gronden was het niet
mogelijk een controle groep van "normale" personen bij het onderzoek te betrekken.

Hoofdstuk 1 geeft een inleidende bespreking omtrent een aantal morfologische
analyses van bepaalde benige onderdelen van de bewegingssegmenten L3-L4 t/m
L5/S1. Deze analyses werden uitgevoerd door middel van metingen van bepaalde
strukturen van de bewegingssegmenten, inclusief de wervel! ichamen, op CT scans.
Deze metingen van lengten en hoeken werden gebaseerd op constante referentiepun-
ten, die vergelijkend onderzoek mogelijk maakten. Alleen die referentiepunten wer-
den geselekteerd die in voldoende mate gedefinieerd konden worden, om grove on-
nauwkeurigheden te voorkomen. In elk van de hoofdstukken worden de gebruikte re-
ferentiepunten gedefinieerd.

Hoofdstuk 2 behandelt de stand en de kromming van de facetgewrichten op de ni-
veau's L4-L5 en L5-S1 in het transversale vlak. Het blijkt dat de facetgewrichten L4-
L5 gemiddeld een iets grotere hoek met het frontale vlak maken dan die van L5-S1,
waar tevens de gewrichtsoppervlakken wat minder gekromd zijn. Asymmetrieën van
de facetgewrichten van meer dan 10° zijn vrij zeldzaam. Er kon geen duidelijke correla-
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tie worden aangetoond tussen asymmetrieën van de facetgewrichten en de zijde van
een eventuele discusprolaps.

In Hoofdstuk 3 wordt de transversale configuratie van de laaglumbale wervels in
verband gebracht met het aspect van de wervels op AP röntgenopnamen. De zijkanten
van het wervellichaam L3 zijn goed afgrensbaar op de röntgenfoto, evenals de gehele
omtrek van de boogvoetjes. Dit wordt veroorzaakt door het feit dat deze strukturen
min of meer in het sagittalc vlak verlopen, en hun corticale begrenzing daardoor gro-
tendeels tangentieel door de röntgenstralen wordt getroffen. Hetzelfde geldt voor het
merendeel van de wervels L4. Op het niveau L5 worden de zijkanten van het corpus
meestal niet zichtbaar op de röntgenfoto, omdat ze een vrij uitgesproken posterolate-
raal verloop hebben, en dus niet tangentieel door de röntgenstralen worden getroffen.
De laterale zijden van de pedikels worden niet zichtbaar door hun oblique verloop en
doordat ze gefuseerd zijn met de sterk ontwikkelde processus transversi, zonder een
corticale begrenzing tussen beide strukturen. Het feit dat h"t afwijkende aspect van L5
ten opzichte van hogere niveaus op AP röntgenopnamen in de radiologische literatuur
nooit de aandacht heeft gelrokken wordt in verband gebracht met de neurofysiologie
van de "Gestalt" perceptie ("patroonherkenning").

In Hoofdstuk 4 worden referentiewaarden gegeven voor de minimale midsagiltale
en midtransversale diameters van de wervellichamen L3, L4, en L5. Verder worden de
morfologische karakteristieken zoals beschreven in Hoofdstuk 3 aan een statistisch
onderzoek onderworpen. Hiertoe zijn de vormvariaties van de zijkanten van de wer-
vellichamen gekwantificeerd door middel van raaklijnen, en het meten van de hoek
tussen de raaklijnen van linker en rechter zijde. Deze hoek werd de transversale inter-
tangentiële hoek genoemd. De waarde van de hoek werd als positief of negatief aange-
geven, afhankelijk van het feit of de lijnen elkaar ventraal resp. dorsaal van het wervel-
lichaam kruisten. De zijkanten van L5 hebben in AP richting een divergerend verloop
ten opzichte van elkaar, hetgeen resulteerde in een positieve waarde van de transversa-
le intertangentiële hoek. De zijkanten van L4 verlopen min of meer sagittaal, hetgeen
uitgedrukt werd door een laag-positieve of laag-negatieve waarde van de hoek. In de
meeste gevallen verloopt het achterste deel van de zijkanten van L3 in posteromediale
richting, resulterend in een negatieve transversale intertangentiële hoek. Bovenge-
noemde verschillen waren statistisch zeer significant.

In Hoofdstuk 5 wordt aangetoond dat er een nauwe morfologische relatie bestaat
tussen de oriëntatie van de facetgewrichten en de hoek tussen de caudale delen van de
laminae. Bij relatief sagittaal georiënteerde facetgewrichten is de hoek tussen de cau-
dale delen van de lamina van linker en rechter zijde scherp: deze configuratie wordt
met name gezien op het niveau L3-L4. Bij meer frontaal staande facetgewrichten is de
hoek tussen de caudale delen der laminae stomp: dit is meestal het geval op het niveau
L5-S1. Het niveau L4-L5 neemt in dit opzicht een tussenpositie in. Er wordt gecon-
stateerd dat de caudale delen van de laminae, die in het transversale vlak een hoek met
elkaar maken, terwijl de craniale delen van de laminae min of meer een boog vormen.
De processus articulares inferiores zijn gesitueerd op de caudale uiteinden van de lami-
nae, die als steunpilaren voor de processus articulares inferiores beschouwd kunnen
worden. De processus articulares superiores zijn geïmplanteerd op de pedikels, de par-
tes interarticulares, en de aangrenzende craniale delen der laminae, zodat zij een veel
massievere benige basis hebben.

Enkele karakteristieken van de processus spinosus worden besproken in de hoofd-
stukken 6 en 7.
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In Hoofdstuk 6 worden referentiewaarden gegeven voor de lengten van de proces-
sus spinosi van L3, L4, en L5. Van deze wervels is de processus spinosus van L3 gemid-
deld het langst, en die van L5 het kortst. In de gehele serie van wervels L3, L4, en L5
wordt een nauwe relatie aangetoond tussen de lengte van de processus spinosus en de
hoek tussen de caudale delen van de laminae. Er blijkt eveneens een significante corre-
latie te bestaan tussen de lengte van de processus spinosus en de oriëntatie van de facet-
gewrichten, doch deze correlatie is minder uitgesproken. Op elk niveau afzonderlijk
zijn deze correlaties minder uitgesproken of niet significant.

Hoofdstuk 7 behandelt de deviatie van de processus spinosus in het transversale
vlak. Röntgenonderzoek van enkele losse lumbale wervels toont aan dat de langwerpi-
ge schaduw van de processus spinosus, zoals zichtbaar in AP projektie, berust op het
achterste deel van de processus spinosus (inclusief de tip). Deze bevinding is van be-
lang bij de differentiële diagnose tussen geïsoleerde deviatie van de processus spinosus
en deviaties ten gevolge van rotatie van de gehele betreffende wervel of wervelboog.
De conclusie is dat AP röntgenopnamen geen betrouwbare gegevens verschaffen die
een onderscheid tussen de diverse vormen van deviatie van de processus spinosus mo-
gelijk maken. Hiertoe is CT een onmisbare bron van informatie. l.n onze serie werd
geen verband aangetroffen met asymmetrieën in de stand en de lengte van de caudale
delen der laminae, en de stand van de facetgewrichten. Geconcludeerd wordt dat de
deviatie van de processus spinosus een geïsoleerd verschijnsel is, dat dus niet samen-
hangt met morfologische faktoren binnen hetzelfde bewegingssegment.

De epiloog bevat een opsomming van de beperkingen en problemen ten aanzien
van het verrichte onderzoek.

Hoewel de doelstelling van ons morfologisch onderzoek was gericht op het ver-
schaffen van gegevens die van belang kunnen zijn voor de kennis van de biomechanica
van de lumbale wervelkolom, waren we ons ervan bewust dat er van beide zijden nog
overbruggend onderzoek zal moeten plaatsvinden, voordat onze bevindingen voor de
biomechanica praktisch toepasbaar zijn.

Tot onze verrassing zijn een aantal morfologische bevindingen van direkt praktisch
belang gebleken, aangezien ze resulteerden in een nauwkeuriger interpretatie van AP
röntgenopnamen van de lumbale wervelkolom. Omdat deze niet specifiek het doel
vormden van ons onderzoek, kunnen ze beschouwd worden als "serendipitous fin-
dings" (Hoofdstuk 1):

7. De CT analyses stelden ons in staat een bijdrage te leveren tot de kennis van typo-
logische verschillen in de vorm van de derde, vierde, en vijfde Iendenwervel. Deze ge-
gevens kunnen bijvoorbeeld van belang zijn bij de bestudering van variaties in het lum-
bosacrale overgangsgebied, zoals partiële of totale lumbalisatie en sacralisatie.

2. De zijkanten van het wervellichaam en de boogvoctjes van L5 zijn als regel op AP
röntgenfoto's niet afgrensbaar. De diagnostische betekenis hiervan is dat pathologi-
sche erosies van deze oppervlakken op de AP foto niet altijd zichtbaar zullen zijn.

3. Een onderzoek naar de a^rd van de min of meer ovale schaduw van de processus
spinosus van de onderst; drie lumbale wervels op AP foto's toonde aan dat deze niet,
zoals algemeen wordt aangenomen, correspondeert met de basis van het doornuit-
steeksel, d - i i met het achterste gedeelte (inclusief de tip). Dit is van groot praktisch
belang, omdat tot nu ,oe een laterale verplaatsing van de ovale schaduw van de proces-
sus spinosus werd opgevat als een teken van rotatie van de gehele betreffende wervel,
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of, in zeldzame gevallen, van asymmetrie van de wervelboog. Ons onderzoek heeft de
betrouwbaarheid van deze opvatting ondergraven, aangezien de genoemde laterale
verplaatsing ook voor kan komen bij geïsoleerde aeviatie van de processus spinosus.

Bovenstaande onderwerpen vormen slechts een selektie uit de mogelijkheden die
de CT biedt ter bestudering van de transversale morfologie van de lumbale wervels. De
keuze werd voornamelijk beperkt tot onderwerpen die min of meer direkt in verband
gebracht kunnen worden met de biomechanische eigenschappen van de lumbale wer-
velkolom, en waarbij het mogelijk was goed omschreven reproduceerbare referentie-
punten te gebruiken voor het verrichten van metingen. De problematiek van de vorm
en diameter van het wervelkanaal en de laterale recessus/wortelkanalen in relatie tot
eventuele zenuwcompressie is geheel buiten beschouwing gebleven.

Enkele mogelijkheden voor verder onderzoek worden hieronder aangegeven:
— de transversale configuratie van het corpus L5 in relatie tot de ligging van L5 ten

opzichte van de darmbeenvleugels (een diepe versus hoge ligging van L5).
— de transversale configuratie van overgangswervels in het lumbosacrale gebied.
— morfologische verschillen tussen de craniale en caudale delen van de laminae.
— nadere klinische correlatie van de morfologische bevindingen, met name in ver-

band met het optreden van discusprolaps, discusdegeneratie, en facetarthrose.
— uitbreiding van het onderzoek naar de hooglumbale en thoracale niveaus.
— diameter en vorm van het wervelkanaal op de diverse niveaus, eventueel in rela-

tie tot de lengte van de pedikels en de vorm en grootte van de wervelcorpora: dit laatste
met name met betrekking tot de Index van Jones en Thomson, en het probleem van de
stenose van het lumbale wervelkanaal.

— diameter en vorm van de laterale recessus en de wortelkanalen.
— de oriëntatie van de facetgewrichten in de aanwezigheid van nauwe laterale re-

cessus of stenose van het wervelkanaal.



Addendum

As STATED in the Epilugue (Chapter 9), our original intention was first to explore
the cross-sectional morphology of the three lower lumbar vertebrae without

classifying the patients into subgroups. The underlying purpose was to detect general
trends in structural characteristics in relation to the common basic biomechanical pro-
perties of the spine. Since our investigations have yielded valuable and significant in-
formation, we have sought means by which these trends can be determined in various
subgroups, based on variables or differences not yet analysed in our studies. The most
important of these variables are: length of the spinal column, type of body build, verte-
bral bulk, race, ai J sex. With the present methods available it is difficult to measure the
length of the spine exactly, since this is not only determined by the height of vertebral
bodies and disc spaces, but also by the extent of the various spinal curvatures. It is diffi-
cult to codify types of body build. The vertebral bulk may appear, in this respect, the
most amenable to analysis and it has been processed in our series, to some extent, by
measurements of the MSD and MTD of the vertebral bodies. Exact measurement of
body height would necessitate more CT sections through the entire vertebral body and
their sagittal reconstruction. Since these are very time consuming procedures, causing
unnecessary patient radiation without yielding diagnostic information, they were not
feasible. The n umber of non-Dutch patients in our series was small and included differ-
ent races. Therefore these did not provide a basis for a reliable comparative statistical
analysis. However, it has been possible to carry out a comparative analysis of the most
important parameters in males and females (TABLE A). Although the average height
of females is less than that of males, it was not possible to quantify the length of their
spines for the reasons mentioned above. The different configuration of the male and
female pelvis might also be correlated with differences in morphology of the adjacent
lower lumber vertebrae. TABLE A shows, however, that although lengths and dis-
tances were smaller in females than in males, there were no differences between angles
or ratios at the levels of L4 and L5, so that the different pelvic configuration does not
appear to contribute to specific morphological differences in the adjacent two lower
lumbar vertebrae.

The data presented in TABLE A show that:
/. the values for lengths and distances (MSD, MTD, ElD, and spinous process length)

are slightly higher in males than in females. The differences amount to roughly 10% of
the mean values.

2. the angles (TITA, TIFA, and TILA) do not reveal any significant differences be-
tween males and females, with the exception of the value for the TILA at the level of L3:
the TILA ai this level is significantly greater in males than in females (mean difference:
4.3°, /K0.04).
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MSD
3. the values for the ratio ——- at the level of L3 are also significantly different

(mean difference: —0.03, /xCO.04). This ratio is higher in females than in males, which
means that the MSD, relative to the MTD, is greater in females than in males.

Conclusions: There "^ e differences between le ths and distances in males and fe-
males. The relationship between a number of st. _ctures, as expressed in ratios and
angles showed no differences between males and females at the L4 and L5 levels. At
the L3 level only the ratio - — and the TILA showed significant differences between
the sexes.

We cannot explain why both the TILA and the ratio ^ ~ at the level of L3 differ

between males and females. There may be a relationship between the MSD, relative to
the MTD, and the TILA. We have not carried out a statistical investigation of this.

TABLE A: Parameter values subdivided according to sex*

MSD (in mm)
(Chapter 4)

MTU (mm)
(Ch. 4)
„ . MSD
R a l l o ^5
(Ch. 4)

EID (mm)
(Ch. 4)

TIT A (degr.)
(Ch. 4)

TIFA (degr.)
(Ch. 5)

TILA (degr.)
(Ch. 5)

Sp. process
length (mm)
(Ch. 6)

male
M = 3 8

35.1

45.8

0.77

42.1

-15.1

72.3

93.2

28.9

L3

female
«=33

32.6

41.2

0.80

37.6

-13.3

76.3

88.9

25.3

diff.
signif.

2.5
p<0.001

4.6
/X0.001

-0.03
/K0.04

4.5
p<0.001

-1.8
p<0.53

-4.0
p<0.37

4.3
p<0.04

3.6
p<0.002

male
«=35

37.2

47.5

0.78

51.1

6.6

94.3

100.5

25.1

L4

female
n=36

33.3

42.6

0.78

45.6

6.0

98.4

98.4

23.3

diff.
signif.

3.9
/K0.001

4.9
/K0.001

0.0
p<l

5.5
p<0.001

0.6
/K0.83

-4.1
p<0.41

2.1
p<0.34

1.8
p<0.04

male
«=32

37.3

50.1

0.75

78.0

52.3

103.4

116.9

19.2

L5

female
« = 3 9

34.2

45.1

0.76

69.8

53.8

109.5

115.9

16.1

diff.
signif.

3.1
p<0.001

5.0
p<0.001

-0.01
p<0.27

8.2
p<0.001

-1.5
p<0.68

-6.1
p<0.15

1.0
/X0.76

3.1
/K0.001

* Only the mean values are given
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